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Ar  =  recuperator  area;  same  as  area  of  floating 
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F[  =  static  resistance  to  counterrecoil 
F2  =  recuperator  force,  end  of  recoil 
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*  Symbols  peculiar  to  double  recoil  systems  are  listed  in 
paragraph  149  and  those  for  recoil  systems  for  small  arms 
in  paragraph  187. 
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Fr  =  recuperator  force;  same  as  force  on  floating 
piston 
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F's  =  combined  initial  spring  load  of  coil  and 
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h  =  velocity  head 

hc  =  lift  of  recoil  throttling  valve,  coil  spring 
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Ka  =  resistance  offered  by  elastic  medium  of 
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bined  coil  and  Belleville  springs 
Kp  =  pressure  factor 
Kr  =  recoil  rod  force 
L  =  length  of  recoil 

Lcr  =  length  of  counterrecoil  stroke  to  contact 
buffers 

M  =  mass  equivalent  of  projectile  and  propellant 

gas 

Mh  =  bulk  modulus  of  fluid 
Mr  =  mass  of  recoiling  parts 
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n  =  polytropic  exponent 
n  =  subscript  denoting  value  at  stated  interval 
n-1  =  subscript  denoting  value  preceding  the 
stated  interval 

P  =  pressure  in  recoil  brake  cylinder 
AP  =  pressure  drop  across  counterrecoil  orifice 
Pa  =  oil  pressure  before  throttling  through 
counterrecoil  orifice 

Pao  =  oil  pressure  before  throttling  through  recoil 
orifice  during  counterrecoil 
P0  =  minimum  recuperator  pressure,  in-battery 
Pi  =  gas  pressure  at  end  of  recoil 
P2  =  gas  pressure  when  buffers  are  contacted 
Pa  =  axial  pressure  in  packing 
Pb  =  buffer  pressure 
Pg  =  propellant  gas  pressure 
Ph  =  pressure  rise  caused  by  orifice 
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Pe  =  fluid  pressure  on  packing 
Q  =  rate  of  flow 
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Q„  =  rate  of  flow  through  recoil  orifice  during 
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R  =  secondary  recoil  force 
Sb  =  length  of  buffer  stroke 
Sf  =  factor  of  safety 
t  =  time 
At  =  change  in  time 
v  =  recoil  velocity 


A  v  =  change  in  velocity 

va  =  average  velocity  during  At 

vb  =  velocity  of  counterrecoil  during  buffing 

Vj-  =  maximum  velocity  of  free  recoil 

Avj  =  change  in  free  recoil  velocity 

v/t  =  velocity  of  free  recoil  at  time.  t\ 

=  velocity  of  free  recoil  at  time,  t2 
v£  =  muzzle  velocity  of  projectile 
va  =  velocity  of  flow  through  orifice 
v,  =  counterrecoil  velocity 
Av,  =  change  in  counterrecoil  velocity 
vR  =  velocity'  of  floating  piston 
V0  =  gas  volume,  in-battery 
V]  =  gas  volume  at  end  of  recoil 
V2  =  gas  volume  when  buffers  are  contacted 
A  V  =  gas  displacement 
w  =  density'  of  fluid 

Wcr  =  available  energy  in  recuperator  for  counter¬ 
recoil 

Wg  =  w  eight  of  propellant  charge 

Wp  =  w  eight  of  projectile 

W,  =  weight  of  recoiling  parts 

Ws  =  energy  required  to  overcome  static  resistance 

x  =  distance  of  recoil  at  time  t 

Ax  =  distance  recoiled  during  At 

xb  =  distance  of  buffer  travel  at  any  time  t 

xc  =  displacement  of  control  rod 

xr  =  distance  of  counterrecoil  at  any  time  t 

Ax,  =  distance  countcrrccoilcd  during  At 

e  =  angle  of  elevation 

X  =  in-battery  sustaining  factor 

fj.  =  coefficient  of  friction 

v  =  leakage  factor 

p  =  mass  density  of  fluid 

ar  =  radial  stress 

a,  =  tensile  stress;  hoop  stress 

o y  =  yield  strength 

Tm  =  maximum  shear  stress 


CARRIAGES  AND  MOUNTS  SERIES 
RECOIL  SYSTEMS* 


I.  INTRODUCTION 

A.  GENERAL 

1.  This  is  one  of  a  series  of  handbooks  on  Car¬ 
riages  and  Mounts.  This  handbook  deals  with 
the  design  of  recoil  mechanisms. 

B.  FUNCTION  OF  A  RECOIL  MECHANISM 

2.  A  recoil  mechanism  moderates  the  firing  loads 
on  the  supporting  structure  by  prolonging  the  time 
of  resistance  to  the  propellant  gas  forces.  As  the 
gas  pressure  propels  the  projectile  toward  the 
muzzle,  it  exerts  an  equal  and  opposite  force  on  the 
breech,  which  tends  to  drive  the  gun  backward. 
The  main  purpose  of  a  recoil  mechanism  is  to 
cushion  this  force  and  limit  the  rearward  movement. 

3.  The  dynamics  of  recoil  presents  a  study  in  the 
conservation  of  momentum.  From  mechanics  we 
have  the  expression  for  a  force, 

F  .  (1) 

dt 

where:  m  —  mass, 

v  =  velocity. 

The  forces  tending  to  separate  two  bodies  are  equal 
and  opposite  in  direction,  thus,  equating  the  forces 
in  the  above  equation  we  have 

fi  =  =  F 2  =  d(fn2v2),  ^ 

and  =d(m2v2).  (lb) 

Integrating  we  have 

m  i©i  =  m2v  2-  (lc) 

This  principle  is  directly  applicable  to  the  recoil 
activity  of  guns  where  one  side  of  Equation  (lc) 
represents  the  momentum  of  the  recoiling  parts  and 

*  Prepared  by  Martin  Regina,  Laboratories  for  Research 
and  Development  of  The  Franklin  Institute. 


the  other  side  represents  the  total  momentum  of  the 
projectile  and  propellant  gases  moving  in  the  op¬ 
posite  direction.  The  only  unknown  value,  the 
velocity  of  free  recoil,  can  be  determined  by  ap¬ 
propriate  substitutions  in  Equation  (lc).  Once  this 
velocity  is  found,  the  kinetic  energy  of  the  recoiling 
mass  can  be  calculated  (see  Equation  3a  Par.  78). 
At  this  stage,  the  method  by  which  the  kinetic 
energy’  is  dissipated  becomes  the  sole  basis  of  design 
of  the  recoil  mechanism. 

4.  It  would  be  possible  to  attach  the  gun  tube 
rigidly  to  its  carriage,  thereby  exposing  the  structure 
to  the  full  propellant  pressure  force  which  may 
exceed  two  million  pounds  in  large  guns.  How  ever, 
to  be  strong  enough  to  sustain  tins  tremendous  load, 
the  structure  would  become  overwhelmingly  large 
and  unwieldy.  The  expanse  of  the  base  to  provide 
stability,  that  is,  to  prevent  tipping  over,  would  be 
enormous.  Pistols  and  shoulder  arms  of  the  closed 
breech  type  are  designed  to  this  concept,  but  they 
rely  upon  the  human  body  to  provide  the  recoil 
resistance. 

5.  In  practical  design  of  larger  weapons,  the  gun 
is  permitted  to  recoil,  or  move  back,  a  prescribed 
distance  and  against  some  predetermined  resistance. 
Figure  1  shows  a  weapon  with  a  recoil  mechanism. 
The  function  of  a  recoil  mechanism  is  to  absorb  the 
energy  of  recoil  effectively  and  then  return  the  gun 
to  the  “in-battery"  position.  The  large  rearward 
thrust  acts  for  a  very  short  time,  only  so  long  as  the 
propellant  gas  pressure  acts.  In  order  to  confine  the 
supporting  structure  to  reasonable  size  and  weight, 
and  to  achieve  stability  with  a  relatively  small  firing 
base,  it  is  necessary  to  prolong  the  duration  of 
resistance  to  the  impulsive  force  of  the  propellant 
gas. 

6.  The  propellant  gas  pressure  force,  instead  of 
being  applied  directly  to  the  carriage  structure, 
merely  accelerates  the  gun  and  other  recoiling  parts 
in  their  recoil  motion.  This  motion  is  retarded  by 
a  predetermined  and  controlled  force.  The  retard¬ 
ing  force  is  the  one  which  must  be  taken  by  the 
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Figure  1.  Weapon  Showing  Recoil  Mechanism  (Recoil  Brake  and  Recuperator) 


structure  It  is  much  smaller  than  the  original 
propellant  gas  force,  because  it  acts  over  a  much 
greater  interval  of  time  and  an  appreciable  dis¬ 
tance;  the  longer  the  distance,  the  smaller  the  force. 
The  resistance  to  motion  is  provided  mostly  by  the 
recoil  mechanism  and  partly  by  gun  slide  friction. 
A  detailed  analysis  of  this  activity  is  discussed  in 
Parts  D.l  and  D.2  of  Chapter  IX. 

7.  The  product  of  recoil  distance  and  retarding 
force  is  recoil  energy,  which  is  a  primary  criterion 
in  the  design  of  a  recoil  mechanism.  When  the 
weapon  is  fired,  recoil  begins  immediately.  The 
energy  of  recoil  is  developed  in  the  short  time  the 
propellant  gas  forces  are  acting.  This  energy  is 
expended  in  several  ways,  namely:  (1)  a  small 
amount  is  stored  in  deflecting  the  structure  and 
ordinarily  may  be  safely  ignored;  (2)  some  is 
absorbed  by  gun-slide  friction;  (3)  the  greatest  por¬ 
tion  is  dissipated  by  the  recoil  mechanism;  and 
(4)  a  sufficient  amount  is  stored  in  the  recuperator 
to  return  the  gun  to  the  in-battery  position. 

8.  While  returning  to  the  in-battery  position, 
the  moving  parts  acquire  a  counterrecoil  energy. 
Some  means  must  be  provided  to  absorb  this 
energy  and  ease  the  unit  into  the  in-battery  position. 
This  is  accomplished  by  the  counterrecoil  buffer. 

11.  THE  RECOIL  SYSTEM 

A.  DEFINITIONS 

9.  A  recoil  system  is  defined  as  an  assembly  of 
components  whereby  the  forces  acting  on  a  gun  and 
its  related  mount  during  a  firing  cycle  can  be  con¬ 


trolled  and  limited  to  certain  parameters  by  one  or 
more  recoil  mechanisms. 

10.  The  recoil  mechanism  is  that  component  of 
a  recoil  system  which  absorbs  and  stores  the  recoil 
energy  and  then  returns  the  gun  to  battery  position. 

11.  There  are  two  types  of  recoil  systems:  a 
single  and  a  double  system.  A  single  recoil  system 
is  one  wherein  the  recoil  mechanism  (or  mecha¬ 
nisms)  has  its  recoiling  parts  moving,  as  a  single 
coordinated  unit,  in  one  direction  (see  Chapter  III, 
Part  A). 

12.  A  double  recoil  system  is  one  in  which  the 
recoil  mechanisms  control  two  separate  units  of 
recoiling  parts,  with  both  coordinated  units  moving 
in  the  same  general  rearward  direction., but  in  paths 
not  necessarily  parallel  (see  Chapter  111,  Part  B, 
and  Chapter  XI). 

B.  DESCRIPTION  OF  THE  BASIC  COMPONENTS 

13.  A  recoil  mechanism  is  comprised  of  three 
basic  components  :  a  recoil  brake,  a  counterrecoil 
mechanism,  and  a  buffer  as  shown  diagrammatically 
in  Figs.  2,  3,  and  4.  The  recoil  brake  consists  of  a 
hydraulic  cylinder  and  piston  assembly.  As  the 
piston  moves  within  the  cylinder,  a  force  is  gener¬ 
ated  by  restricting  the  flow  of  hydraulic  fluid  from 
the  pressure  chamber  of  the  cylinder.  The  magni¬ 
tude  of  this  restricting  force  is  a  function  of  the 
flow  of  fluid  through  one  or  more  orifices,  whose 
size  is  regulated  to  provide  the  desired  recoil  velocity 
and  pressure  curves.  The  recoil  energy'  absorbed 
by  this  restricting  force  is  dissipated  as  heat. 

14.  The  counterrecoil  mechanism  is  composed  of 
a  recuperator  and  counterrecoil  cylinder  assembly. 
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Figure  2.  Diagram  of  Recoil  Mechanism  Types  (General) 
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Figure  4.  Diagram  of  Hydropneumatic  Types 


The  latter  may  be  a  separate  unit  or  it  may  be  the 
recoil  brake  components  operating  in  reverse.  The 
terms  counterrecoil  mechanism  and  recuperator  are 
sometimes  used  as  synonyms.  However,  to  avoid 
confusion,  the  recuperator  is  defined  here  as  the 
equipment  which  stores  some  of  the  recoil  energy 
for  counterrecoil,  whereas  the  counterrecoil  mecha¬ 
nism  is  defined  as  the  unit  which  returns  the  recoil¬ 
ing  parts  to  battery.  It  derives  its  energy  from  the 
recuperator.  The  recuperator  can  be  of  either  the 
hydrospring  ty  pe  or  the  hydropneumatic  ty  pe.  The 
hydrospring  type  stores  the  energy  required  to 
return  the  gun  to  the  battery  position  in  a  mechan¬ 
ical  spring,  or  springs.  The  hydropneumatic  ty  pe 
stores  this  energy  in  compressed  gas.  There  is 
always  some  recuperator  force  present  to  hold  the 
recoiling  parts  in  battery  at  all  angles  of  elevation. 


During  recoil,  the  spring  or  gas  is  compressed 
further,  storing  the  additional  energy'  needed  for 
counterrecoil.  While  in  transit,  gun  locks,  either 
with  or  w  ithout  the  aid  of  the  in-batteiy  force,  hold 
the  recoiling  parts  in  position. 

15.  The  buffer  functions  similarly  to  the  recoil 
brake;  it  absorbsthe  energy'  of  counterrecoil.  There 
is  sufficient  recuperator  energy'  to  drive  the  recoiling 
parts  into  battery  at  an  appreciable  velocity.  If  this 
were  not  controlled,  an  impact  would  occur,  which 
might  cause  the  weapon  to  nose  over,  create  struc¬ 
tural  damage,  or  both.  The  buffer  is  usually  a 
dashpot  type  of  device. 

16.  The  components  are  described  above  as 
separate  units,  which  sometimes  is  the  case.  Fre¬ 
quently,  though,  they  are  integrated  into  a  single 
mechanism.  However,  whether  separate  or  inte- 
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gral.  all  components  are  interdependent  and  func¬ 
tion  as  one  unit. 


III.  DESCRIPTION  OF  THE  RECOIL  CYCLE 


A.  SINGLE  RECOIL  SYSTEM,  SEQUENCE  OF  OPERATION 

17.  As  soon  as  the  gun  is  fired  and  the  projectile 
starts  forward,  propellant  gas  pressure  accelerates 
the  recoiling  parts  backward.  This  motion  is  re¬ 
sisted  by  the  inertia  of  the  recoiling  parts,  friction, 
and  the  recoil  mechanism.  The  force  exerted  by 
the  recoil  mechanism  comes  from  both  the  recoil 
brake  and  recuperator.  Acceleration  of  the  recoil¬ 
ing  parts  takes  place  during  the  time  of  travel  of 
the  projectile  in  the  bore  plus  the  time  of  pressure 
decay  after  the  projectile  leaves  the  muzzle. 

18  The  retarding  force  occurs  over  the  entire 
recoil  stroke.  At  the  very  instant  of  firing,  only 
recuperator  and  friction  forces  are  available.  After 
motion  begins,  these  forces  are  augmented  by  the 
hydraulic  throttling  force.  The  recoiling  parts 
reach  maximum  velocity  when  the  retarding  force 
is  equal  to  the  propellant  gas  force,  and  then  deceler¬ 
ate  until  motion  ceases.  Meanwhile,  due  to  the 
further  compression  of  its  spring  or  gas.  the  re¬ 
cuperator  force  increases  gradually,  storing  the 
energy'  needed  for  counterrecoil. 

19.  At  the  completion  of  the  recoil  stroke,  the 
recuperator  begins  to  return  the  recoiling  parts  into 
battery.  Its  force  can  never  be  less  than  that  re¬ 
quired  to  hold  the  gun  in  battery.  Therefore,  that 
part  of  the  area  of  the  force-distance  curve  which 
represents  stored  counterrecoil  energy  is  somewhat 
predetermined. 

20.  A  quick  return  to  batiery  is  an  advantage  in 
rapid-fire  guns  but  is  undesirable  in  single-fire  guns. 
Here,  high  forces  cause  problems  in  strength  and 
stability.  As  counterrecoil  velocities  are  sometimes 
limited  to  2  or  3  feet  per  second,  even  more  restric¬ 
tion  of  hydraulic  flow  than  in  recoil  may  be  neces¬ 
sary. 

21.  Before  the  counterrecoil  stroke  is  completed, 
the  moving  parts  contact  the  buffer,  which  is  de¬ 
signed  to  absorb  the  remaining  counterrecoil 
energy.  The  moving  parts  should  stop  just  as  they 
reach  the  in-battery  position.  The  recuperator 
force  is  still  acting,  but  at  its  minimum  value.  The 


weapon  is  now  in  battery  and  ready  to  be  loaded 
and  fired  again. 

B.  DOUBLE  RECOIL  SYSTEM,  SEQUENCE  OF  OPERATION 

22.  In  a  double  recoil  system,  two  masses  are 
joined  to  each  other  and  to  the  fixed  structure  by 
recoil  mechanisms.  The  primary  recoiling  parts 
consist  of  gun  tube,  breech  housing  and  operating 
mechanism,  breechblock  assembly,  and  those  parts 
of  the  recoil  mechanisms  not  fixed  to  the  cradle. 
In  some  instances,  the  recoil  piston  rod.  the  counter¬ 
recoil  piston  rod,  and  the  buffer  are  attached  to  and 
move  with  the  recoiling  parts;  in  others,  these  items 
are  fixed  to  the  cradle  while  their  associated  cylin¬ 
ders  constitute  a  portion  of  the  recoiling  parts. 
The  secondary  recoiling  parts  are  composed  of  the 
cradle,  top  carriage,  that  portion  of  the  primary 
recoil  mechanism  that  is  affixed  to  the  cradle,  and 
those  parts  of  the  secondary  recoil  mechanism 
which  move  with  the  top  carriage.  The  secondary 
system  action  is  somewhat  modified  by  the  fact  that 
the  secondary'  system  does  not  begin  to  move  until 
the  primary'  is  definitely  under  way.  Its  recuperator 
resistance  and  inertia  are  sufficient  to  delay  the 
start  of  motion.  The  primary'  system  is  well  on 
the  way  in  counterrecoil  before  the  secondary'  has 
fully  recoiled.  Ordinarily,  the  primary'  is  in  battery 
while  the  secondary'  is  still  in  countcrrecoil. 

IV.  PRINCIPAL  TYPES  OF  RECOIL 
MECHANISMS 

A.  HYDROSPRING  TYPE 

23.  The  hydrospring  mechanism  utilizes  a  me¬ 
chanical  spring  for  the  recuperator  and  a  hydraulic 
system  for  recoil  and  buffing.  Sometimes,  the 
spring  is  mounted  concentric  to  the  gun  tube;  in 
other  arrangements,  it  is  concentric  to  the  recoil 
mechanism;  or  the  spring  may  be  a  separate  unit. 
The  manner  of  mounting  depends  upon  the  size  of 
spring  needed,  the  available  space  and  its  location, 
and  on  the  effects  of  eccentric  forces. 

B.  HYDROPNEUMATIC  TYPE 

24.  The  hydropneumatic  mechanism  uses  com¬ 
pressed  gas  for  its  recuperator,  usually  dry'  nitrogen 


because  of  its  relative  inertness.  It  may  be  either 
"independent’'  or  “dependent,”  or  variations  of 
these  two. 

25  In  the  independent  type,  the  recuperator  is 
an  entirely  separate  unit  from  the  recoil  brake 
(refer  to  Figures  9  and  10).  The  piston  rods  of 
both  brake  and  recuperator  are  joined  directly  to 
the  recoiling  parts.  As  the  gun  recoils,  hydraulic 
fluid  or  oil  is  forced  into  the  compressed  gas 
chamber.  As  the  fluid  compresses  the  gas  still 
further,  the  pressure  increases.  During  counter¬ 
recoil,  this  action  is  reversed.  The  gas  and  fluid 
may  be  separated  by  a  floating  piston,  or  they  may 
be  in  direct  contact.  If  in  direct  contact,  sufficient 
oil  must  be  provided  so  that  gas  cannot  escape 
through  the  port  to  the  counterrecoil  cylinder. 

26.  In  the  dependent  case,  only  the  recoil  piston 
rod  isjoined  to  the  recoiling  parts  (refer  to  Figures 
8  and  11).  Fluid  is  forced  from  the  recoil  brake 
cylinder  into  the  recuperator,  where  it  is  throttled. 
The  recuperator  normally  is  connected  directly  to 
the  recoil  brake  cylinder,  but  a  floating  piston 
separates  gas  and  fluid. 

C.  TYPES  OF  COUNTERRECOIL  BUFFER 

27.  Buffers  operate  by  means  of  a  controlled 
restriction  of  hydraulic  flow  and  are  of  two  general 
types.  One  acts  over  a  short  distance  during  the 
end  of  the  counterrecoil  stroke.  The  other,  where 
lower  forces  and  finer  control  over  velocity  are 
needed,  acts  during  the  entire  length  of  stroke. 

V.  OPERATING  CHARACTERISTICS 

A.  GENERAL 

28.  All  recoil  mechanisms  work  on  some  com¬ 
bination  of  the  same  basic  principles;  that  of 
providing  a  controlled  resistance  over  a  set  distance 
to  check  the  motion  of  the  recoiling  parts,  then 
returning  them  to  the  firing  position  and  providing 
a  sufficient  restraint  to  hold  them  in  that  position 
at  maximum  elevation.  This  resistance  to  recoil 
should  be  nearly  constant,  since,  for  a  prescribed 
recoil  distance,  this  will  produce  the  smallest 
possible  force  on  the  structure  (see  Figure  5).  The 
area  under  the  force-distance  cur\e  represents  en¬ 
ergy  and,  clearly,  a  rectangular  curve  will  yield  the 
lowest  peak  force.  However,  a  rectangular  curve 


is  not  applicable  at  the  beginning  because  the  recoil 
resistance  should  not  exceed  the  propellant  gas 
force  if  prompt  recoil  motion  is  desired. 

29.  The  total  resistance  is  a  combination  of  a 
hydraulic  force,  a  spring  force,  which  may  be 
mechanical  or  from  compressed  gas,  and  friction. 
Whichever  combination  is  used,  it  works  as  a  unit, 
the  parts  affecting  each  other  at;  they  act  simul¬ 
taneously.  Therefore,  the  entire  system  must  be 
analyzed  as  a  unit. 

B.  THE  RECOIL  BRAKE 

30.  Since  the  recuperator  force-distance  curve  is 
somew  hat  determined  by  its  battery  position  force, 
it  is  necessary  to  adjust  the  hydraulic  brake  curve 
so  that  the  total  curve  will  be  as  desired  (see  Figure 
5).  After  the  friction  and  recuperator  curves  are 
known,  their  ordinates  may  be  subtracted  from 
those  of  the  total  resistance  curve.  The  differences 
of  the  ordinates  form  the  design  brake  curve. 

31.  The  recoil  brake  force,  at  any  point  along 
the  stroke,  depends  upon  the  recoil  velocity  and 
orifice  area  at  that  point.  It  is  therefore  necessary 
to  vary  the  orifice  area  from  point  to  point  to  suit  the 
changing  velocity  and  force.  This  may  be  done  in 
any  of  several  ways,  or  in  combinations  thereof. 
Figure  6  illustrates  some  of  these  methods. 

32.  A  throttling  bar  (Fig.  6a),  whose  cross  sec¬ 
tion  varies  along  its  length,  is  fastened  along  the 
cylinder  in  such  manner  that  it  cannot  move  longi¬ 
tudinally.  This  bar  passes  through  a  fixed-area 
orifice  in  the  piston.  As  the  piston  moves,  the  net 
orifice  area  changes  with  corresponding  change  in 
restriction  to  fluid  flow.  The  same  effect  may  be 
had  with  a  solid  piston  and  a  varying  groove  cut 
into  the  cylinder  wall  (Fig.  6b).  Either  method 
offers  excellent  control  over  the  pressure  curve. 
Two  bars  or  grooves  diametrically  opposed  are 
recommended  for  a  balanced  pressure  load  on  the 
piston. 

33.  Another  method  varies  orifices  through  the 
piston  (Fig.  6c!  A  rotatable  disk  with  matching 
holes  is  assembled  to  the  piston.  A  projection  of  the 
disk  is  guided  by  a  spiral  groove  in  the  cylinder 
wall.  As  the  disk  rotates,  the  orifices  change  in 
size.  Again,  exeelient  control  is  possible. 

34.  Controlled  throttling  may  be  attained  by  use 
of  a  perforated  sleeve  inside  the  cylinder  (Fig.  6d). 
Holes  are  properly  spaced  so  that  those  back  of  the 
piston  provide  the  restriction  during  the  first  part 
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K  =  TOTAL  RESISTANCE  TO  RECOIL 

Kn.t  =  TOTAL  RESISTANCE  AT  BEGINNING  OF  Ax 

Kn  =  TOTAL  RESISTANCE  AT  END  OF  Ox 

Kr  =  NET  FORCE  ON  RECOIL  ROD 

K0  =  RESISTANCE  OFFERED  BY  ELASTIC  MEDIUM  OF  RECUPERATOR 
Kf  =  FRICTIONAL  RESISTANCE  OF  SLIDING  SURFACES 
Ax  =  INCREMENT  OF  RECOIL  DISTANCE 

F0  =  RESISTANCE  OFFERED  BY  THROTTLING  HYDRAULIC  FLUID 

f0  =  RESISTANCE  OFFERED  BY  FLUID  CONNECTING  PORTS 

fp  =  FRICTIONAL  RESISTANCE  OF  PACKINGS 

Figure  5.  Recoil  Mechanism  Force  Chart 


of  the  stroke  and  those  in  front  during  the  last  part. 

35.  The  flow  may  be  regulated  by  a  spring- 
loaded  valve,  in  whieh  ease  the  pressure  is  constant 
or  nearly  so  (Fig.  6e). 


C.  HYDROSPRING  MECHANISM 

36.  A  schematic  drawing  •  of  a  hydrospring 
system  is  given  in  Figure  7,  showing  each  element 
separately.  In  praetiee,  it  is  preferable  to  combine 
two  or  all  three  elements  into  one  housing  to  Secure 
compactness.  Sometimes  the  spring  is  wrapped 
around  the  gun  tube,  permitting  the  use  of  a  larger 
spring,  resulting  in  a  more  compact  gun  assembly. 
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Figure  7 .  Hydrospring  Recoil  Mechanism  (Schematic) 


37.  The  advantages  of  a  hydrospring  system  are: 

a.  Simplicity  of  design. 

b.  Ease  of  manufacture. 

c.  Low  initial  cost. 

d.  Rapidity  of  repair  in  field. 

e.  Fewer  seal  or  packing  problems. 

The  disadvantages  are : 

a.  Unpredictable  spring  life. 

b.  High  replacement  rate. 

c.  Bulkiness. 

D.  HYDROPNEUMATIC  MECHANISM 

38.  The  points  in  favor  of  the  hydropneumatic 
system  are: 

a.  Reliability. 

b.  Durability  because  of  little  mechanical 
articulation. 

c.  Smooth  action,  because  gas  pressure 
can  be  finely  adjusted  to  varied  con¬ 


ditions. 

d.  The  capacity  to  absorb  small  modifica¬ 
tions  of  the  weapon  without  requiring 
recoil  system  redesign. 

e.  Relatively  long  recoil  is  possible. 

f.  Flexibility  of  design  approach. 

g.  Adequate  warning  of  imminent  failure. 

h.  Low  field  maintenance. 

Disadvantages  are: 

a .  Specialization  required  in  manufacture, 
leading  to  high  cost  and  some  difficulty 
in  procurement;  although  it  lends  itself 
to  mass  production,  fitted  or  select 
assembly  is  usually  necessary. 

b.  Maintenance  in  storage  requires  great 
care  to  avoid  deterioration  and  damage 
by  internal  corrosion,  particularly  with 
leather  packing. 

c.  Variation  of  gas  pressure  with  ambient 
temperature  affects  recoil  velocity  and 
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distance.  This  may  require  some  form 
of  compensation. 

d  Greater  number  of  internal  cylinder 
walls  requiring  accuracy  of  form  and 
high  surface  finish.  Dents  or  scratches 
in  the  inside  walls  cause  rapid  failure  of 
the  packing  passing  over  them, 
e.  Difficulty  of  maintaining  high  rate  of 
fire  because  of  effect  of  heat  on  packings 
and  antifriction  metal. 

39.  There  is  a  great  variety  of  possible  designs 
of  hydropneumatic  recoil  systems  for  the  same  gen¬ 
eral  performance,  as  in  the  case  of  the  hydrospring. 
In  the  following  sections,  from  E  to  H,  several  exist¬ 
ing  designs  are  described.  These  are  presented  as 
some  examples  of  past  experience,  but  are  not  in¬ 
tended  to  put  any  limit  on  new  ideas  or  resource¬ 
fulness. 

E  THE  PUTEAUX  MECHANISM 

40.  The  Puteaux  mechanism  in  Figure  8  illus¬ 
trates  a  hydropneumatic,  dependent  type  of  recoil 
mechanism.  It  consists  of  a  hydraulic  brake, 
directly  connected  by  a  port  to  the  recuperator, 
which  also  houses  the  controls.  The  recoil  brake 


is  not  self-sufficient,  being  a  simple  hydraulic  unit 
which  merely  provides  a  force  to  retard  recoil. 
The  magnitude  of  the  force  is  regulated  by  throttling 
in  the  recuperator.  The  recoil  brake  comprises  a 
cylinder,  piston,  and  piston  rod.  The  recuperator 
contains  a  regulator,  a  throttling  or  control  rod.  a 
floating  piston,  and  other  associated  parts. 

41.  The  regulator  has  three  cylindrical  sections, 
the  ends,  or  heads,  being  much  larger  in  diameter 
than  the  middle  section.  It  is  fixed  in  position,  being 
held  in  place  by  the  closure  at  the  breech  end  which 
is  threaded  to  the  recuperator.  The  front  head  is 
hollow  and  fits  the  cylinder  bore.  Its  rear  wall  con¬ 
tains  one-way  valves  which  permit  fluid  passage 
only  during  recoil.  The  front  wall  is  a  flat  plate 
having  a  central  orifice.  The  regulator  is  bored 
axially  through  the  rear  head  and  middle  section 
into  the  chamber  of  the  front  head  to  form  a  cylin¬ 
drical  housing  for  the  control  rod  and  a  return 
passage  for  the  fluid  during  counterrecoil.  The 
bore  may  be  grooved  longitudinally  for  flow 
control. 

42.  The  control  rod  is  tapered  and  passes  through 
the  orifice.  At  its  forw  ard  end.  it  is  attached  to,  and 
centered  by,  a  diaphragm.  The  breech  end  of  the 
control  rod  is  centered  in  its  housing  by  a  piston 
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Figure  8 .  The  Puteaux  Mechanism  (Schematic) 
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winch  provides  restriction  to  fluid  flow  during 
counterrecod  when  that  feature  is  desired.  The 
control  rod  is  drilled  through  its  entire  length  to 
accommodate  the  fluid  gage  (index)  actuating  rod. 

43.  The  floating  piston  separates  the  gas  from 
the  liquid  and  also  indicates  the  volume  of  fluid 
in  the  system.  It  lies  directly  in  front  of  the  dia¬ 
phragm,  separated  from  it  by  a  compression  spring. 
The  spring  insures  proper  positioning  of  the  con¬ 
trol  rod  just  before  recoil  starts,  as  it  forces  the 
diaphragm  against  the  orifice  plate.  The  volume 
of  fluid  between  the  piston  and  diaphragm  is  the 
fluid  reserve.  A  slender  rod,  attached  to  the  piston, 
extends  through  the  hollow  throttling  rod  to  actuate 
the  fluid  gage.  Thus,  the  position  of  the  piston 
indicates  the  amount  of  liquid  in  reserve. 

44.  The  above  description  does  not  include  any 
reference  to  a  counterrecoil  buffer  because  the 
buffer  arrangement  has  no  bearing  on  the  identi¬ 
fication  of  the  Puteaux  mechanism.  For  light  ar¬ 
tillery,  where  the  energy  to  be  absorbed  is  small, 
a  buffer  may  be  built  into  the  front  end  of  the  recoil 
cylinder.  For  heavy  artillery,  separate  buffers  may 
be  necessary  to  insure  adequate  performance. 

45.  During  the  recoil  stroke,  the  retarding  force 
is  created  by  pressure  built  up  on  the  rod  end  of 
the  recoil  piston.  The  piston  forces  fluid  to  flow 
into  the  regulator,  where  it  opens  the  one-way 
valves  and  continues  on  its  way  through  the  orifice. 
The  fluid  forces  the  diaphragm  and  floating  piston 
forward  against  the  recuperator  gas  pressure.  As 
the  diaphragm  moves  forward,  it  draws  the  throt¬ 
tling  rod  through  the  orifice  and,  becaus'e  of  the 
proper  taper  of  the  rod,  adjusts  the  net  orifice  to 
the  desired  area  at  each  increment  of  stroke.  The 
energy  of  recoil  is  principally  absorbed  by  throttling 
through  the  orifice.  Some  is  stored  in  compressing 
the  gas  and  a  small  amount  is  consumed  in  over¬ 
coming  the  combined  friction  of  all  moving  parts. 

46.  At  the  very  start  of  recoil,  the  diaphragm  is 
pressed  against  the  orifice  plate  and  no  flow  can 
occur.  This  n.eans  that,  for  a  brief  instant,  the 
resistance  is  provided  only  by  the  recuperator  gas 
pressure  and  almost  no  control  exists  over  the 
hydraulic  pressure  curve.  As  soon  as  an  appreciable 
recoil  velocity  is  attained,  the  orifice  is  regulated 
to  produce  the  desired  resistance. 

47  As  recoil  ends  and  counterrecoil  begins,  the 
flow  of  fluid  reverses.  The  gas  pressure  pushes  the 
floating  piston  toward  its  original  position,  thus 
forcing  the  fluid  back  through  the  orifice.  How¬ 


ever,  in  this  direction,  the  fluid  takes  a  different 
path.  The  one-way  valves  in  the  regulator  head 
are  closed  and  the  fluid  is  diverted  to  the  center  bore 
of  the  regulator  where  it  flows  along  the  control 
rod.  To  preclude  excessive  counterrecoil  v  elocities, 
the  flow  is  usually  restricted  at'  the  breech  end  of 
the  control  rod,  either  by  slots  in  the  control  rod 
piston  or  grooves  in  the  wall  of  the  regulator  bore. 
This  restriction  to  flow  is  sometimes  construed  as 
buffing  over  the  entire  counterrecoil  stroke,  but 
would  better  be  considered  as  a  way  to  restrict 
the  maximum  counterrecoil  velocity. 

48.  The  Puteaux  recoil  mechanism  has  these 
particular  advantages : 

a.  Compactness. 

b.  Light  weight. 

c.  Provision  for  a  fluid  index. 

d.  One  rod  connection  to  the  breech  lug 
or  to  the  front  end  of  the  cradle. 

49.  It  also  has  these  characteristic  disadvantages: 

a.  Inadequate  fluid  reserve  may  allow  the 
gun  to  fall  out  of  battery  at  high  eleva¬ 
tion. 

b.  Control  rod  is  not  positively  tied  to  the 
gun,  therefore  its  correct  position  is  not 
inherently  assured. 

c.  Repairs  require  special  facilities  and  ex¬ 
pert  mechanics. 

F.  THE  SCHNEIDER  MECHANISM 

50.  The  Schneider  mechanism  (Fig.  9)  illustrates 
a  hydropneumatic,  independent  type  recoil  mechan¬ 
ism.  It  comprises  a  recoil  cylinder,  a  counterrecoil 
cylinder,  a  recuperator,  and  a  built-in  buffer. 
There  is  no  communicating  passage  between  recoil 
cylinder  and  either  counterrecoil  cylinder  or  recu¬ 
perator.  All  controls  are  contained  in  the  recoil  cyl¬ 
inder;  the  counterrecoil  cylinder  and  recuperator 
simply  store  energy.  The  recoil  and  counterrecoil 
piston  rods  are  separately  attached  to  the  cradle 
and  are  stationary .  All  three  cylinders  are  mounted 
on,  and  move  with,  the  recoiling  parrs. 

51.  The  recoi!  brake  consisi.s  of  three  concentric 
components:  the  outside  cylinder,  the  recoil  piston 
and  hollou  piston  rod.  and  the  centra:  control  roo. 

52.  The  control  rod  is  rigidly  attached  to  the 
cylinder  and,  therefore,  also  moves  with  ths  recoil¬ 
ing  parts.  It  extend-  through  the  orifice  and  into 
the  hollou  piston  rod  Its  contour  ;c  such  that  it 
properly  regulate-  the  orifice  as  t  passes  through  it 
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Figure  9.  The  Schneider  Recoil  Mechanism 


and  also  permits  clearance  inside  the  hollow  rod 
for  free  flow  of  the  fluid. 

53.  The  buffer  consists  of  a  piston  at  the  breech 
end  of  the  control  rod.  It  slides  a  short  distance  on 
a  spindle  and  thereby  acts  as  a  one-way  valve. 
During  recoil,  pressure  forces  it  away  from  the  end 
of  the  control  rod  and  uncovers  the  ports,  allow¬ 
ing  free  flow  to  the  void  created  by  the  withdrawal 
of  the  control  rod.  During  counterrecoil  the  valve 
is  forced  shut  and  the  flow  must  be  bypassed 
around  the  buffer  piston.  The  bore  of  the  hollow 
piston  rod  is  slightly  conical  for  the  last  part  of  the 
counterrecoil  stroke,  which  further  restricts  the 
flow  and  provides  the  necessary  buffing  force. 

54.  Fluid  movement  is  not  impeded  except  by 
gas  pressure  between  the  counterrecoil  cylinder  and 
the  recuperator,  as  no  control  is  attempted  in  these 
units.  The  recuperator  is  of  the  direct  contact 
ty  pe  with  no  floating  piston  between  gas  and  liquid. 

55.  While  in  battery  position,  all  compartments 
of  the  recoil  brake  cy  linder  are  filled  with  fluid. 
During  recoil,  the  control  rod  is  withdrawn  from 
the  piston  rod  while  the  piston  rod  moves  out  of 
the  cylinder,  each  motion  enlarging  the  volume  of 
its  respective  compartment.  The  fluid  which  is  dis¬ 


placed  on  the  pressure  side  of  the  piston  is  much 
greater  in  volume  than  the  void  created  by  the  w  ith¬ 
drawal  of  the  control  rod.  Consequently,  enough 
fluid  is  available  to  control  the  pressure  as  it  is 
forced  through  the  orifice. 

56.  The  space  from  which  the  control  rod  has 
been  displaced  is  readily  filled  with  fluid  through 
the  one-way  valve,  which  is  open  during  recoil. 
However,  when  recoil  ceases  and  counterrecoil 
begins,  the  valve  closes  and  the  fluid  is  forced  be¬ 
tween  the  buffer  piston  and  the  wall  of  the  hollow 
piston  rod.  Buffing  occurs,  then,  over  the  entire 
counterrecoil  stroke,  and  the  moving  parts  are 
finally  brought  to  rest  by  the  narrowing  of  the 
restriction  described  in  Paragraph  53. 

57.  The  Schneider  recoil  mechanism  has  these 
merits: 

a.  It  provides  adequate  counterrecoil  buff¬ 
ing. 

b.  No  floating  piston  is  used. 

c.  The  control  rod  is  secured  to  the  gun, 
insuring  correct  position. 

d.  Maintenance  in  the  field  is  relatively 
simple  because  assembly  and  disassem¬ 
bly  are  readily  accomplished. 
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58.  It  has  the  following  drawbacks: 

a.  The  recoil  and  counterrecoil  cylinders 
require  separate  filling. 

b .  No  fluid  index  is  included. 

G.  THE  FILLOUX  MECHANISM 

59.  The  Filloux  recoil  mechanism  (Fig.  10)  is  an 
example  of  the  hydropneumatic,  independent  type, 
incorporating  variable  recoil.  It  comprises  a  recoil 
brake  and  an  entirely  separate  counterrecoil  cylinder 
with  attached  recuperator. 

60.  The  recoil  brake  cylinder  contains  the  recoil 
piston,  a  hollow  piston  rod,  a  control  rod.  and  a 
buffer.  It  is  similar  in  some  respects  to  the  Schnei¬ 
der  mechanism.  The  piston  has  two  ports.  180° 
apart,  leading  from  the  pressure  side  to  the  inside 
of  the  hollow  piston  rod  and  to  the  tapered  throt¬ 
tling  grooves  in  the  control  rod.  In  this  case,  the 
control  rod  does  not  taper  but  instead  there  are 
two  pairs  of  longitudinal  throttling  grooves.  One 
pair  is  short  and  regulates  the  fluid  flow  for  high 
angles  of  elevation.  At  high  elevation,  stability 
of  the  weapon  is  not  a  serious  problem,  but  ground 
clearance  for  the  recoiling  parts  very  often  is. 
Therefore,  a  short  recoil  stroke  with  relatively  high 
force  may  be  advantageous.  At  low  angles  of 
elevation,  the  situation  is  reversed  and  a  long  stroke 
with  smaller  force  is  desirable.  This  latter  is  ac¬ 
complished  by  bringing  into  play,  additionally,  the 
other  pair  of  throttling  grooves  which  arc  long. 
The  control  rod  can  be  rotated  so  that  only  the  short 
grooves,  or  both  long  and  short,  or  a  continuous 
graduation  in  between,  are  exposed  to  the  discharge 
from  the  ports  in  the  piston.  This  rotation  is 
accomplished  directly  and  positively  from  the  ele¬ 
vating  motion  by  a  cam  and  gear  arrangement. 

61.  No  attempt  at  throttling  during  counterrecoil 
is  made  in  the  recoil  cylinder,  except  for  buffing 
during  the  final  part  of  the  stroke.  Instead,  a 
regulator  valve,  located  in  the  recuperator,  re¬ 
stricts  fluid  flow  in  counterrecoil.  The  recuperator 
is  of  the  floating  piston  type,  where  gas  and  liquid 
are  separated. 

62.  The  operation  of  this  recoil  mechanism  is 
characteristic  of  hydropneumatic  systems  and  need 
not  be  repeated  here.  Finally,  counterrecoil  buff¬ 
ing  is  accomplished  by  a  spear  buffer  located  in  the 
recoil  cylinder. 

63.  The  peculiar  adv  antages  of  the  Filloux  mech¬ 
anism  are : 


a.  Variable  recoil,  to  suit  all  angles  of 
elevation,  is  provided. 

b.  Adequate  counterrecoil  buffing  is  pro¬ 
vided. 

c.  A  fluid  index  is  provided. 

64.  The  special  disadvantages  are : 

a.  Inadequate  fluid  reserve  may  permit  the 
gun  to  fall  out  of  battery  at  high  ele¬ 
vation. 

b.  Repairs  require  special  facilities  and 
expert  mechanics. 

c.  The  recoil  and  counterrecoil  cylinders 
require  separate  filling. 

H.  THE  ST.  CHAMOND  MECHANISM 

65.  The  St.  diamond  mechanism,  Figure  11.  is  a 
hydropneumatic  dependent  recoil  mechanism,  fea¬ 
turing  variable  recoil.  It  comprises  a  recoil  cylin¬ 
der,  a  recuperator  with  floating  piston,  and  an 
independent  buffer  assembly.  The  recoil  cylinder 
and  recuperator  are  interconnected. 

66.  During  recoil,  the  flow  of  fluid  from  the 
recoil  cylinder  to  the  recuperator  is  regulated  by  a 
spring  loaded  throttling  valve  located  between 
them.  Variable  recoil  is  obtained  by  altering  the 
limit  of  valve  opening.  The  pressure  which  pro¬ 
duces  the  retarding  force  is  determined  by  the 
amount  of  valve  opening  and  the  recoil  velocity'. 

67.  During  countcrrccoil  the  one-way  counter- 
recoil  valve  opens  and  fluid  flows  back  to  the  recoil 
cylinder  by  this  path.  In  the  last  part  of  the  stroke 
the  parts  are  brought  to  rest  by  an  external  dashpot 
buffer. 

68.  The  desirable  features  of  the  St.  diamond 
mechanism  are : 

a.  Variable  recoil  is  provided  at  all  eleva¬ 
tions. 

b.  It  is  compact. 

c.  It  is  light  in  weight. 

69.  The  undesirable  features  are: 

a.  An  inadequate  fluid  supply  may  permit 
the  gun  to  fall  out  of  battery  at  high 
elevation . 

b.  No  fluid  index  is  provided. 

c.  Repairs  require  special  facilities  and  ex¬ 
pert  mechanics. 

I.  DOUBLE  RECOIL  SYSTEM 

70.  All  mechanisms  heretofore  discussed  are 
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Figure  10.  The  Filloux  Recoil  Mechanism 


Figure  71.  The  St.  Chamond  Recoil  Mechanism 


single  recoil  systems.  Sometimes,  particularly  with 
heavy  weapons,  it  is  advantageous  to  introduce  a 
secondary  recoil  system  between  top  and  bottom 
carnages.  Double  recoil  systems  are  discussed  in 
detail  beginning  with  Paragraph  147. 


VI.  SELECTION  OF  A  RECOIL  SYSTEM 


A.  GENERAL 

71.  Selection  of  the  type  of  recoil  system  is 
governed  by  the  characteristics  of  the  w  eapon,  such 
as  size,  purpose,  rate  of  fire,  and  range  of  elevation 
angles.  Hydrospring  systems  are  usually  limited  to 
light  artillery  and  short  recoil  distances.  Hydro¬ 
pneumatic  systems  can  be  adapted  to  either  light  or 
heavy  artillery.  Heavy  mobile  w  eapons  may  require 
double  recoil  systems. 

72.  The  options  as  to  whether  the  mechanism 
shall  be  independent  or  dependent,  variable  or 
constant  recoil  stroke,  floating  piston  or  direct 
contact,  internal  or  external  buffer,  all  are  strongly 
influenced  by  basic  factors  such  as  recoil  force  and 
distance,  space  available,  stability,  and  ground 
clearance.  The  foregoing  discussion  of  several 
designs,  and  their  merits  and  shortcomings,  is  in¬ 
tended  as  a  guide  for  future  determinations. 


B.  REQUISITES  OF  THE  RECOIL  SYSTEM 

73.  A  long  recoil  stroke  is  usually  desirable  to 
minimize  recoil  forces.  However,  the  length  of 
stroke  may  be  limited  by  ground  clearance,  espe¬ 
cially  at  high  angles  of  elevation.  At  low  elevations, 
where  stability  is  critical,  clearance  is  available  for  a 
longer  stroke.  This  suggests  the  use  of  variable 
recoil  or  double  recoil. 

74.  The  recoil  distance  is  also  influenced  by  a 
high  rate  of  fire.  The  recoil  cycle  must  be  com¬ 
pleted  quickly  to  be  ready  for  the  next  round.  It 
may  be  necessary  to  shorten  the  stroke  and  design 
the  structure  to  withstand  the  higher  forces  which 
result.  A  rapid  counterrecoil  stroke  requires  a  large 
energy'  storage  in  the  recuperator.  Even  more 
critical  is  the  large  buffer  force  required. 

75.  The  most  important  single  factor  having  the 
greatest  influence  on  the  selection  of  the  recoil 
system  is  the  space  available.  This  may  dictate 
the  use  of  a  hydrospring  mechanism  instead  of 
hydropneumatic,  or  the  choice  between  dependent 


and  independent  systems,  or  upon  the  type  of 
buffer  selected. 

76.  Another  requisite  of  extreme  importance  is 
ease  of  maintenance.  Ability  to  be  repaired  in  the 
field  is  a  prime  asset.  Ruggedness  and  durability 
should  be  intrinsic  in  the  design,  so  that  ordinary 
w  ear  and  tear  may  be  w  ithstood  for  long  periods  of 
time  without  overhaul.  When  maintenance  work 
does  become  necessary,  it  will  be  greatly  eased  by 
simplicity  in  the  mechanism.  A  minimum  number 
of  parts  facilitates  disassembly  and  replacement. 
Special  techniques  should  be  eliminated  so  that 
mechanics,  with  only  ordinary  skills,  can  make 
repairs  merely  by  following  instructions.  Damaged 
parts  of  one  unit  should  be  replaceable  by  service¬ 
able  ones  from  disabled  weapons.  The  advantages 
of  using  standard  and  commercially  available  parts 
cannot  be  overemphasized.  They  cost  less,  are 
readily  procurable,  and  can  be  made  in  less  time 
than  special  parts. 


VII.  PRELIMINARY  DESIGN  DATA 


A.  VELOCITY  OF  FREE  RECOIL 

77.  The  original  design  data  required  for  the 
recoil  mechanism  are  the  length  of  recoil  and  the 
recoil  force.  These  items  are  interdependent  and 
their  values  are  based  on  the  momentum  of  the 
recoiling  parts  and  the  combined  momentum  of 
projectile  and  propellant  charge.  Preliminary 
figures  for  recoil  force  and  length  of  stroke  are 
based  on  the  velocity  of  free  recoil,  which  is  de¬ 
termined  from  the  momentum  :* 


W,vm  +  4700  Wt 
Wr 


(2) 


where:  vf  =  maximum  velocity  of  free  recoil, 
ft/sec, 

v,„  =  muzzle  velocity  of  projectile,  ft/sec, 
Wi:  =  weight  of  propellant  charge,  lb, 

Wp  =  weight  of  projectile,  lb. 

Wr  =  weight  of  recoiling  parts,  lb. 

Free  recoil  defines  the  condition  where  no  resis¬ 
tance  is  offered  to  the  recoiling  parts.  The  value 
of  4700  feet  per  second  is  the  assumed  velocity  at 
which  the  propellant  gases  leave  the  muzzle.  It  is 

*  Page  242  of  reference  1.  References  are  found  at  the 
end  of  this  handbook. 
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an  empirical  value  based  oil  firing  tests.  This 
formula  is  approximate  but  is  sufficiently  accurate 
for  its  intended  application.  If  desired,  more 
accurate  methods  are  available  in  texts  on 
ballistics. 


B.  RECOIL  FORCE 

78.  The  general  equation  for  the  forces  acting  on 
the  recoiling  parts  is : 


IV,  sin0  —  K  =  Mr 


d2x 

Hi' 


where: 


Fg  =  propellant  gas  force, 

K  =  total  resistance  to  recoil. 
Mr  =  mass  of  recoiling  parts. 
Wr  =  weight  of  recoiling  parts, 
t  =  time  of  recoil, 
x  =  length  of  recoil  at  time  t, 
8  =  angle  of  elevation. 


(3) 


Figure  12  illustrates  this  force  system.  The  expres- 
d^-x 

sion  Mr  — y  according  to  D’Alembert’s  principle, 
dl2 

represents  the  inertia  force.  The  propellant  gas 
force  soon  becomes  zero  and,  since  K  always  op¬ 
poses  recoil  and  is  greater  than  the  weight  com- 


M,  =  MASS  OF  RECOILING  PARTS 
W,  =  WEIGHT  OF  RECOILING  PARTS 
8  =  ANGLE  OF  ELEVATION 

Figure  72.  Recoil  Force  System 


ponent  Wr  sine.  Mr  ——  changes  directions.  The 
at1 

exact  value  of  K  in  Equation  (3)  is  eventually  de¬ 
termined  by  trial  through  a  step-by-step  integration 
(see  Chapter  IX.  Part  C)  but,  first,  a  reasonably 
close  value  must  be  found  to  put  it  in  the  working 
range.  The  energy  of  free  recoil  and  the  length  of 
recoil  are  used  for  this  purpose. 

E,  =  Wr  V,  (3a) 

w  here:  E,  =  kinetic  energy  of  free  recoil, 

Mr  =  mass  of  the  recoiling  parts, 

Vf  =  maximum  velocity  of  free  recoil 
(Eq.  2). 

This  energy,  divided  by  the  length  of  recoil,  gives 
the  average  resistance  necessary  to  stop  the  moving 
mass.  To  this  resistance  must  be  added  the  static 
force  component  of  the  weight  of  recoiling  parts 
(\Vr  sine).  The  first  approximation  of  the  total 
resistance  to  recoil  is : 

E  i 

K  =  if  ■  Wr  sine,  (3  b) 

where:  L  =  length  of  recoil, 
e  =  angle  of  elevation. 

Although  the  recoil  rod  force,  KR ,  is  reduced  some¬ 
what  from  K  by  the  frictional  forces  of  the  cradle, 
K,  as  defined  in  Equation  (3),  will  be  used  without 
modification  as  a  preliminary  design  load  for  the 
recoil  mechanism.  The  error  involved  will  be 
small  and  conservative.  For  final  design,  these 
frictional  forces  may  be  considered. 

C.  IN- BATTERY  FORCE 

79.  The  minimum  force  required  of  the  recupera¬ 
tor  is  that  which  is  sufficient  to  hold  the  recoiling 
parts  in  battery  plus  the  force  necessary  to  over¬ 
come  all  frictional  resistance.  In  equation  form: 

F{  =  X(  Wr  sine  +  n  Wr  cosd  +  fp),  (4) 

where:  Fj  =  static  force  of  the  recuperator  in 
battery, 

f  =  total  frictional  resistance  of  packing, 
fvr  =  weight  of  recoiling  parts, 
e  =  angle  of  elevation, 

X  =  in-battery  sustaining  factor, 

n  =  coefficient  of  friction. 

Present  design  practice  assigns  the  follow  ing  values  : 
fP  =  0.30  Fu 
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X  =  1.30,* 

M  =  0.30.* 

The  value  0.30  F{  is  used  as  a  preliminary  estimate. 
After  the  sizes  of  the  recoil  cylinder  and  the  re¬ 
cuperator  have  been  established,  a  more  correct 
figure  for  the  packing  friction  can  be  obtained  by 
the  method  outlined  in  Paragraph  90.  The  in¬ 
battery  sustaining  factor,  X,  can  vary.  Other  fac¬ 
tors  have  been  used  such  as  X  =  1.15  for  the 
I75mm  gun.t 


D.  VELOCITY  OF  COUNTERRECOIL 

80.  The  velocity  of  counterrecoil  is  usually  criti¬ 
cal  because  of  its  influence  on  the  stability  of  the 
weapon.  High  velocities  may  mean  large  buffing 
forces  sufficient  to  nose  over  the  gun.  Hence,  low 
counterrecoil  velocities  must  be  maintained,  except 
for  rapid  fire  weapons.  For  large  guns  the  total 
time  of  the  firing  cycle  is  relatively  long:  Velocities 
as  low  as  two  feet  per  second  are  common. 

81.  The  energy  available  to  return  the  gun  to 
battery  is  stored  in  the  recuperator.  In  a  hydro¬ 
pneumatic  recuperator  with  polytropic  expansion 
of  the  gas,  the  available  energy  is: 


W„  = 


P1V1-P2V2 

n  -  1  ’ 


(5) 


where:  P 1  =  gas  pressure  at  end  of  recoil, 

P2  =  gas  pressure  when  buffers  arc  con¬ 
tacted, 

V\  =  gas  volume  at  end  of  recoil, 

V2  =  gas  volume  when  buffers  are  con¬ 
tacted, 

n  =  polytropic  exponent  defined  in  the 
relationship  PV”  =  constant.! 


If  the  recuperator  is  a  mechanical  spring,  the  avail¬ 
able  energy  is: 


W„  =  }(F2  +  Fs2)L„  (6) 

where:  F2  =  recuperator  force  at  end  of  recoil, 
Fs2  =  spring  force  when  buffers  are 
contacted, 

Lcr  =  length  of  counterrecoil  stroke  to 
point  where  buffers  are  contacted. 

•  Part  10  of  Reference  2. 
f  Page  32  of  Reference  3. 

|  Past  practice  has  used  the  value  of  n  =  1.3.  Page  385 
of  Reference  4. 


Procedure  for  designing  mechanical  spring  and 
compressed  gas  recuperators  to  obtain  the  desired 
characteristics  are  discussed  in  Chapter  VIII. 

82.  Some  of  the  recuperator  energy  must  be  used 
to  overcome  the  static  resistance  of  the  system. 
The  work  expended  by  this  resistance  is: 

W,  =  F[Lcn  (7) 


where  F[  is  the  static  resistance  to  counterrecoil, 
expressed  as: 

F, '  =  W r  sine  +  fxWr  cosO  +  f„  (7a) 

If  no  resistance  is  offered  to  fluid  flow,  the  kinetic 
energy  of  the  counterrecoiling  mass  when  it  first 
contacts  the  buffers  is: 

E„  =  w„  -  IK  («) 

and  the  approximate  maximum  counterrecoil 
velocity  is: 


where:  Mr  =  mass  of  recoiling  parts. 

Although  this  method  is  not  final,  it  indicates 
what  must  be  done  to  meet  the  specified  counter¬ 
recoil  velocity.  If  it  is  too  low,  more  of  the  recoil 
energy  must  be  stored.  If  it  is  too  high,  the  fluid 
flow  must  be  restricted.  Usually  the  required 
orifice  area  for  return  is  smaller  than  that  for  recoil. 
The  procedure  for  obtaining  the  correct  velocity 
follows  a  step-by-step  integration  involving  a  trial 
and  error  approach.  This  procedure  is  discussed 
in  detail  in  Chapter  IX.  Part  E. 


E.  BUFFER  FORCE 

83.  The  buffer  force  is  based  on  the  kinetic 
energy  of  the  counterrecoiling  parts,  the  static 
resistance,  and  the  recuperator  pressure.  That 
part  of  the  force  which  stems  from  recuperator 
pressure  does  not  affect  weapon  stability.  If  an 
approximately  constant  retarding  force  is  desired, 
the  energy  component  of  the  resistance  is: 

F'b  =  %  (9a) 

where:  Sb  =  length  of  buffer  stroke. 

The  required  buffer  force  is: 

Fh  =  F'b  -  /•,'  +  F„  00) 

where:  F[  =  the  static  resistance,  (Eq.  7a) 

Fr  =  force  on  counterrecoil  piston 


18 


and  its  pressure  is. 

=  j,  OD 

Ab 

where:  Ab  =  effective  area  of  buffer  piston. 

84.  The  recoil,  counterrecoil,  and  buffer  forces 
having  been  approximated  as  set  forth  in  Para¬ 
graphs  77  to  83,  it  is  now  possible  to  turn  to  the 
design  of  recoil  mechanism  components. 


VIII.  DESIGN  OF  RECOIL  MECHANISM 
COMPONENTS 


A.  SUGGESTED  MATERIALS 

85.  Except  for  bearings,  bushings,  and  packings, 
all  components  of  the  recoil  mechanism  are  made 
of  steel.  Bearings  are  of  antifriction  metal,  com¬ 
prised  chiefly  of  tin,  antimony,  and  copper,  similar 
to  Specification  QQ-T-390,  Grade  2.  Bushings 
are  of  bronze.  Packing  materials  are  discussed 
later  in  Part  D.  High  strength  steels  should  be 
avoided  unless  there  is  a  positive  advantage  in 
their  use.  Moderate  yield  strengths  of  about 
70,000  psi  are  recommended.  The  factor  of 
safety,  based  on  the  yield  strength,  should  not  be 
less  than  1.5.  Usage  will  often  influence  the  choice 
of  material.  Where  high  strength-to-weight  ratios 
are  needed,  high  tensile  steel  is  indicated.  But, 


where  rigidity  is  essential,  a  lower  strength  steel 
is  more  economical  and  will  serve  as  well. 

B.  RECOIL  PISTON  ROD 

86.  The  recoil  piston  rod  is  a  tension  member. 
One  end  is  attached  to  the  recoil  piston,  the  other, 
usually,  to  the  breech  ring.  It  may  be  threaded 
to  the  piston  (see  Fig.  14),  or  it  may  be  integral 
with  it.  Figure  13  shows  two  methods  of  attaching 
the  rod  to  the  breech  ring.  Figure  1 3(a)  illustrates 
the  conventional  method  while  Figure  13(b) 
illustrates  a  quick  detachable  method  which  has  a 
screw  adapter  with  an  interrupted  thread.  Large 
diameter,  hence  rigid,  rods  are  an  asset  because 
distortion  prone,  slender  rods  may  soon  damage 
packings  to  the  extent  where  leakage  is  inevitable. 
The  strength  of  the  rod  is  readily  found  because  it 
is  a  simple  tension  member.  However,  there  are 
some  abrupt  changes  in  diameter,  especially  at  the 
threads,  which  introduce  stress  concentration. 
These  can  be  taken  into  account  with  factors  that 
are  found  in  available  references.*  For  example, 
the  maximum  stress  in  the  rod  of  Figure  13(b)  is 
the  tensile  stress  of  the  root  area  of  the  thread, 
increased  by  the  concentration  factor,  k  : 

-*7*.  (12) 

Ar 

*  Table  XVII  of  Reference  5. 


(a>  CONVENTIONAL  ATTACHMENT  (b)  QUICK  DETACHABLE  ASSEMBLY 

Figure  73.  Rod-Breech  Ring  Attachments 
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where:  c,  =  rod  tensile  stress, 

Kr  =  recoil  rod  force, 

A,  =  thread  root  area, 
k  =  stress  concentration  factor  depend¬ 
ing  on  the  ratios  r—  and  %■  of 
dr  dr 

Type  11  of  Reference  5. 

C.  RECOIL  PISTON 

87.  The  thickness  of  the  piston  is  controlled  by 
the  space  needed  for  the  packing  and  so  is  greater 
than  would  normally  be  required  for  strength.  The 
net  piston  area,  and  hence  the  diameter,  is  governed 
by  the  maximum  fluid  pressure.  This  pressure  is 
limited  by  the  ability'  of  the  packing  to  seal.  Past 
practice  set  the  limit  at  4500  psi*  but  because  of 
better  packing  materials,  higher  pressures  are  now 
permissible. 

*  Part  17  of  Reference  2. 


^  =  f5.  (13) 

w  here:  A  =  effective  piston  area, 

Pm  =  maximum  fluid  pressure. 

The  piston  diameter  is  determined  from  : 

A=l(Dli-d2),  (13a) 

where:  £>|  =  piston  diameter,  also  ID  of  cy  linder, 

d  =  piston  rod  diameter. 

All  diameters  are  selected  to  the  nearest  nominal 
size  in  order  to  conform  to  commercially  available 
stock  and  materials. 

1).  PACKINGS 

88.  Figure  14 depicts  atypical  packing  assembly. 
The  packing  illustrated  is  proportioned  after  those 
already  in  use,  so  that  previous  experience  is  an 


Figure  14.  Typical  Packing  Assembly 
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important  factor  in  its  design.  Packings  prevent 
leakage  past  moving  parts,  such  as  pistons  and 
piston  rods.  The  packings  are  forced  firmly  against 
the  mov  ing  surfaces  both  by  the  pressure  of  the 
fluid  itself  and  by  springs.  Because  of  the  nearly 
hydrostatic  behavior  of  the  packing  material, 
axial  pressure  is  nearly  equal  to  the  radial  pressure 
which  is  necessary  for  sealing.  The  ratio  of  the 
radial  pressure  to  the  applied  axial  pressure  is  a 
property  of  the  packing  material  and  is  called  the 
“pressure  factor.”  It  is  somewhat  analogous  to 
Poisson’s  ratio.  To  insure  positive  sealing,  the 
radial  pressure  must  be  greater  than  the  maximum 
fluid  pressure.  This  is  possible  because  of  the 
force  applied  by  the  springs.  This  ratio  is  known 
as  the  “leakage  factor”  and  is  usually  at  least  1.0. 
Sometimes  a  small  amount  of  leakage  is  desirable 
for  lubrication;  at  such  times  the  leakage  factor  is 
less  than  1.0.* 

The  radial  pressure  exerted  by  the  packing  ex¬ 
pressed  in  terms  of  fluid  pressure  is: 

PR  =  Kp{P,  +  PJ  =  vPm,  (14) 

where:  Kp  =  pressure  factor,? 
v  =  leakage  factor, 

Pm  =  maximum  fluid  pressure, 

Ps  =  axial  pressure  in  packing  produced 
by  spring. 

Solving  for  P,: 

Ps  =LZ_**i>.  (14a) 

89.  The  packing  filler  has  been  made  of  rubber. 
The  liner  or  packing  ring  in  contact  with  the 
cylinder  has  been  made  of  leather.  Silver  rings, 
having  a  right  angled  cross  section,  were  commonly 
used  to  confine  the  corner  of  the  leather  packing 
to  prevent  it  from  extruding  between  piston  ring 
and  cylinder.  Recent  developments  have  shown  al¬ 
ternative  materials,  such  as  polytetrafluoroethylene 
(Teflon)  for  leather  and  an  aluminum  alloy  for 
silver,  to  be  satisfactory'. 

90.  The  spring  pressure  being  known,  the  pack¬ 
ing  friction  can  now  be  found.  The  total  axial 

•  This  value  is  taken  from  the  design  specifications.  For 
example,  specifications  for  the  recoil  mechanism  of  the 
175mm  Gun  Carriage,  T76,  call  for  a  leakage  factor  of  1.3 
for  the  floating  piston  and  0.88  for  the  stuffing  box.  Lubri¬ 
cation  vras  desired  for  the  latter. 

t  For  rubber  filler,  Kp  =  0.73.  Page  12  of  Reference  6. 


pressure  on  the  packing  equals  the  spring  pressure 
plus  the  fluid  pressure: 


where: 


Pa  =  Ps  "I"  Pe>  axial  pressure  on  (15) 
packing: 

PR  =  KpPa ,  radial  pressure  on  (15a) 
packing, 

A\  =  *D\b,  contact  area  on  cylinder  wall, 
D\  =  ID  of  cylinder, 
b  =  width  of  packing, 

Pe  =  fluid  pressures  on  packing  at  any 
recoil  position, 

Fg  =  A  |  PR,  radial  force  of  packing  (15b) 
on  cylinder 

f'p  =  /jF0,  frictional  force  of  a  (15c) 
packing  assembly, 


where,  for  leather,  ^  =  0.05  and  for  silver,  n  = 
0.09.*  The  force  f'p  is  the  general  expression  for 
the  packing  frictional  forces:  /,  in  the  recuperator 
and  fc  in  the  recoil  brake  cylinder.  If  the  recoil 
mechanism  is  an  independent  type,  the  total  fric¬ 
tional  force  due  to  packings  is: 


fP=fc+f,  (15d) 

But,  if  it  is  a  dependent  type,  then: 

fP  =  fc  +  A-  £ a 
A R 


where:  A  =  the  effective  area  of  the  recoil  piston, 
Ar  =  the  area  of  the  floating  piston. 


E.  BELLEVILLE  SPRINGS 

91.  Springs  are  used  to  augment  the  packing 
pressure.  Belleville  springs  are  selected  because 
they  require  very  little  space  and  provide  large 
loads  at  small  deflections.  The  design  of  Belleville 
springs  is  outlined  in  most  spring  manufacturers’ 
handbooks, t  These  springs  are  extremely  sensi¬ 
tive  to  small  changes  in  dimensions,  and  manu¬ 
facturing  variations  can  produce  large  load  dif¬ 
ferences.  Therefore,  each  spring  assembly  should 
be  tested  for  load  before  installation.  The  required 
spring  load  is: 

=  7r(r22  -  'l2)^,  (16) 

where:  P,  =  packing  pressure  required  of  spring 

*  Page  12  of  Reference  6. 

t  Reference  7. 


21 


load  (determined  from  Equation 
14a), 

r  i  =  inside  radius  of  piston  ring. 
r2  =  outside  radius  of  piston  ring. 


F.  RECOIL  CYLINDER 

92.  The  inside  diameter  of  the  cylinder  is  de¬ 
termined  by  the  piston  size  (Paragraph  87).  The 
outside  diameter  depends  upon  the  pressure  due 
to  fluid  or  packing,  and  the  yield  strength  of  the 
material.  In  this  and  other  pressure  vessels  of  the 
recoil  mechanism,  rigidity  is  of  more  concern  than 
high  strength  to  weight  ratio.  Thick  walls  mini¬ 
mize  the  possibility  of  local  damage  and  prevent 
excessive  dilation  which  makes  the  seals  less  ef¬ 
fective.  Therefore,  steels  of  moderate  yield  strength 
are  recommended.  To  detect  defects,  all  pressure 
vessels  should  be  subjected  to  hydrostatic  proof 
tests,  usually  at  one  and  one-half  times  the  working 
pressure.  That  is: 

Pp  =  1-5  P„ 

where:  P,  =  maximum  fluid  pressure, 

Pp  =  proof  pressure. 

The  proof  pressure,  being  higher,  becomes  the 
basis  for  design.  The  maximum  shear  stress,  ac¬ 
cording  to  the  maximum  shear  stress  theory  of 
Trcsca  and  Saint  Venant,*  is  given  by: 


r 


m 


*2 

2’ 


(17) 


or  <r,  —  a,  —  ay,  (17a) 

where:  c,  =  radial  stress, 

a,  =  hoop  stress  of  cylinder, 

cy  =  yield  strength, 

rm  =  maximum  shear  stress. 


A  vessel  should  not  be  stressed  beyond  the  yield 
strength  at  proof  pressure;  thus,  to  be  slightly  con¬ 
servative,  a  factor  of  safety  of  1.5  is  introduced. 
Equation  (17a)  now  becomes : 


O' 


o. 


(17b) 


where  Sf  =  1.5  =  the  factor  of  safety. 

If  we  arbitrarily  select  ay  to  be  twice  <r„  then : 

o,  =  i<v  (17c) 


*  Page  39  of  References. 


It  is  also  known  that: 

<r,  =  ~Pp-  (17d) 

Substituting  in  Equation  (17b)  the  values  of  1.5 

for  Sf,  a,  from  Equation  (17c),  and  or  from  Qua- 
tion  (17d),  we  have  : 

~  (—Pp)  =  fry,  (17e) 

or.  collecting  terms, 

Pp  =  (18) 

Thus,  for  the  selection  of  <r,  in  Equation  (17c),  we 
find  that  the  proof  pressure,  P,,  should  never  exceed 
one-sixth  of  the  yield  strength  of  the  material,  or, 
conversely,  the  yield  strength  should  be  six  times 
the  proof  pressure.  This  establishes  a  minimum 
yield  strength.  A  higher  yield  strength  may  be 
specified  if  a  larger  factor  of  safety  is,  desired.  On 
occasion,  it  may  be  desired  to  use  a  material  having 
a  higher  yield  strength  than  ay  =  6Pp.  To  maintain 
the  factor  of  safety  of  1.5,  the  hoop  stress  should  be: 


c,  =  fs~ Ppn  (18a) 


w  here  Pp  is  the  same  proof  pressure  used  in  Equa¬ 
tion  (18). 

93.  When  a  maximum  allowable  working  pres¬ 
sure  of  4500  psi  is  used, 

Pp  =  1.5Pm  =  6750  psi, 

and,  for  the  conditions  leading  to  Equation  (18), 
the  minimum  yield  strength  is: 


<ry  =  6 Pp  —  40,500  psi. 

The  dimensions  of  the  pressure  vessel  may  be  found 
using  the  equation  of  Lame: 


O' 


»  W  +  D  i2\ 

p\D22  -  Dt2) 


(18b) 


w  here:  Dl  =  inside  diameter  of  cylinder, 
D2  =  outside  diameter  of  cylinder. 
Solving  for  D2  gives: 


D2 


=  D , 


I  o,  +  Pp 
^Ot-  Pp 


(18c) 


Using  the  known  values  of  a ,  and  Pp  and  consider¬ 
ing  that  Dx  is  determined  by  the  diameter  of  the 
piston,  the  minimum  outside  diameter  may  be 
found.  For  example,  the  conditions  leading  to 
Equation  (18),  a,  =  \ay  and  Pp  =  lay,  when  sub¬ 
stituted  in  Equation  (18c)  give: 

Dz  =  V2Z>,2  =  1.41  Z)j.  (18d) 
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After  the  outside  diameter  becomes  known,  the 
various  stresses  may  be  computed  by  conventional 
methods  for  high  pressure  vessels. 

G.  RECUPERATOR,  HYDROPNEUMATIC 

94.  The  recuperator  is  the  energy  reservoir  of 
the  recoil  system.  Its  gas  pressure  holds  the  gun 
in  battery.  During  recoil,  the  gas  is  compressed 
further  to  store  the  energy  required  for  counter¬ 
recoil.  There  are,  then,  both  maximum  and  mini¬ 
mum  operating  pressures  to  be  considered. 

95.  The  area  of  the  counterrecoil  piston  and 
eventually  the  size  of  the  recuperator  of  an  inde¬ 
pendent  system  (Paragraph  25)  is  determined  by  the 
in-battery  force.  Equation  (4),  and  the  minimum 
gas  pressure  P0  : 

Acr  =  -dK  (19) 

For  a  dependent  system,  the  piston  area  was  de¬ 
termined  by  Equation  (13).  The  minimum  pressure 
is  also  the  charging  pressure;  consequently,  it  is 
dependent  upon  the  source  of  supply,  usually  high- 
pressure  bottled  gas.  As  the  source  is,  in  effect, 
exhausted  when  its  pressure  becomes  equal  to  that 
of  the  recuperator,  the  initial  difference  in  pressures 
should  be  large.  For  efficient  use  of  bottled  gas 
at  2000  or  2500  psi,  a  recuperator  minimum  pres¬ 
sure  of  about  800  psi  is  recommended.  The 
maximum  pressure  at  the  end  of  recoil  is  selected 
at  about  twice  the  in-battery  pressure  but  not  to  ex¬ 
ceed  a  pressure  which  would  induce  leakage  past 
the  packings.  It  must,  however,  be  adequate  to 
assure  prompt  counterrecoil. 

96.  The  maximum  and  minimum  pressures 
having  been  established  the  recuperator  size  can 
be  found  as  follows: 

px  «  2P0,  pressure  at  end  of  recoil, 

A  V  =  LAcr,  change  of  gas  volume  during  recoil, 

K,  =  gas  volume  at  end  of  recoil, 

V0  =  Vi  t  aV,  gas  volume,  in  battery. 

From  the  equation  of  polytropic  expansion: 


where:  n  =  1. 3.* 

The  quantities  P0,  Pi  and  A  V  being  known,  the 
values  of  V\  and  V0  are  readily  determined. 


H.  RECUPERATOR,  SPRING  TYPE 

97.  The  upper  and  lower  limits  of  .i e  spring 
forces  are  set  up  similarly  to  those  of  the  hydro- 
pneumatic  recuperator.  The  in-battery  force  is 
obtained  by  Equation  (4).  Then: 

Pi  «  2  Fu 

where:  Fj  =  in-battery  force, 

F2  =  force  at  end  of  recoil, 

Pi  -  F, 

Ks  = - spring  rate.  (21) 

The  applied  loads  and  spring  rate  being  known  and 
the  available  space  ascertained,  the  remaining 
parameters  necessary  for  design  of  the  spring  (or 
springs)  are  the  torsional  modulus  of  rigidity  and 
allowable  torsional  stress  (see  Paragraph  144). 
These  may  be  obtained  from  standard  references.* 
A  spring  having  a  slenderness  ratio  (free  length  di¬ 
vided  by  mean  coil  diameter)  greater  than  four 
may  tend  to  buckle,  as  does  a  column.  Curves 
which  indicate  when  buckling  may  be  expected 
are  available.*  The  ends  must  be  restrained  from 
lateral  movement  or  buckling  may  occur  at  lengths 
less  than  shown  on  the  curve.  The  equations  for 
stress  and  deflection  may  be  found  in  textbooks  or 
handbooks  of  spring  manufacturers,  t  Because 
of  the  interdependence  of  the  variables,  several 
trials  may  be  necessary  before  a  satisfactory  spring 
is  evolved.  Also,  if  a  single  spring  cannot  be 
worked  out,  it  is  possible  that  multiple  springs  will 
satisfy  the  requirements. 


I.  COUNTERRECOIL  BUFFER 

98.  Counterrecoil  buffers  may  be  hydraulic  or 
pneumatic.  The  hydraulic  type  is  a  form  of  dash- 
pot  and  may  be  an  external,  separate  unit  or  an 
integral  part  of  the  interior  of  the  recoil  mechanism. 
In  either  case  the  stroke  is  so  selected  that  the 
buffer  force  will  not  unduly  disturb  the  stability 
of  the  w  eapon.  An  external  buffer  is  illustrated  in 
Figure  15.  As  the  counterrecoiling  parts  contact 
the  piston  rod  head,  hydraulic  fluid  is  forced 
through  a  confined  space  around  the  piston  to  gen¬ 
erate  the  buffing  force.  At  -the  same  time  the 
spring  is  compressed.  During  the  next  recoil 
stroke,  the  spring  forces  the  piston  to  return  to  its 

*  Reference  9. 

t  Reference  10. 


Page  385  of  Reference  4. 
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Figure  75.  External  Buffer 


buffing  position,  the  one-way  valve  being  open  to 
facilitate  this  movement.  Figure  16  shows  an 
internal  buffer,  consisting  of  a  dashpot  and  buffer 
spear.  The  spear  is  fixed  to  the  recoil  piston. 
During  the  first  part  of  the  counterrecoil  stroke  the 
dashpot  is  filled  with  fluid.  As  the  spear  enters  the 
dashpot,  this  fluid  is  forced  out  through  the  clear¬ 
ance.  and  the  restriction  of  flow  creates  the  force 
needed  for  buffing. 

99.  Another  hydraulic  buffer,  first-mentioned  in 
Chapter  IV,  Part  C,  controls  the  velocity'  along 
the  full  counterrecoil  stroke.  Not  a  tme  buffer  in 
the  sense  that  it  does  not  absorb  the  shock  of  a 
moving  mass,  it  merely  is  an  orifice  (Figures  8  and 
20)  which  provides  a  controlled  restriction  in  the 
path  of  the  returning  fluid  that  precludes  the 
counterrecoiling  parts  from  exceeding  a  desired 
maximum  velocity.  The  mechanics  are  discussed 
in  Chapter  IX,  Part  E. 

100.  A  pneumatic  buffer  is  known  as  a  respirator 
(see  Fig.  17).  It  consists  of  an  air  chamber  at  the 
end  of  cither  recoil  or  counterrecoil  cylinder,  de¬ 
pending  upon  the  type  of  recoil  mechanism.  As 
the  operating  piston  is  withdrawn  during  recoil,  the 
check  valve  is  open  and  atmospheric  air  flows 
freely  into  the  chamber  to  fill  the  space  vacated. 
When  counterrecoil  begins,  the  one  way  check 
valve  closes,  trapping  the  air  in  the  chamber.  A 


EXHAUST  POST - 1  U  VALVE 

(RESTRICTED  FLOW) 


Figure  T7.  Respirator 


small,  hand-adjustable  orifice  remains  open,  per¬ 
mitting  the  air  to  escape  at  a  controlled  rate,  thus 
regulating  the  pressure  which  stops  the  counter- 
recoiling  parts.  A  tendency  is  present  for  the  inner 
cylinder  walls  to  rust  from  exposure  to  the  atmos¬ 
phere.  Proper  lubrication  will  reduce  the  tendency. 


J.  FLOATING  PISTON 

101.  The  floating  piston  separates  the  liquid 
from  the  gas  within  the  recuperator.  It  has  no 
piston  rod  and  moves  freely  as  the  gas  changes  in 
volume.  During  recoil,  hydraulic  fluid  forces  the 
piston  to  compress  the.  gas;  then  during  counter¬ 
recoil.  the  gas  pressure  forces  the  piston  and  fluid 
to  return  to  their  original  positions.  The  piston 
has  two  heads  joined  integrally  by  a  shank  (Fig. 
18).  Each  head  contains  a  packing  as  described  in 
Paragraph  88.  The  void  around  the  shank  is 
packed  with  grease  for  lubrication.  In  some  ap¬ 
plications  an  index  rod  is  attached  to  the  fluid  side 
of  the  piston  to  gage  the  amount  of  fluid  reserve. 
The  floating  piston  must  move  smoothly  and.  con- 
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Figure  78.  Floating  Piston 


Figure  79.  Piston  Flange  loading  Diagram 


sequently,  must  be  long  enough  to  prevent  bind¬ 
ing;  in  practice,  usually  one  and  one-third  di¬ 
ameters. 

102.  The  strength  of  the  flange  is  determined, 
conservatively,  by  treating  a  sector  cut  out  by  the 
angle,  dd,  as  a  cantilever  beam  acting  independently 
of  adjacent  sectors  (see  Figure  19).  We  obtain  an 
expression  for  the  center  of  gravity  of  the  pressure 
area  of  a  very  small  circular  element  described  by 
R{,  R3,  and  dd.  The  pressure  load  may  be  con¬ 
sidered  as  concentrated  here.  For  the  remainder 
of  these  calculations,  the  angle,  do,  need  not  be 
assigned  a  value  because,  as  will  be  seen,  it  divides 
out  in  the  summation  of  equations.  The  total 
spring  load,  Fs,  is  concentrated  at  R„  midway  be¬ 
tween  R2  and  R3.  The  bending  moment  from  the 
pressure  load,  Fp,  is: 

Mn  =  Fd  (Rp  -  /?i) 

=  pf  (RP  -  Ri )  =  kp  do,  (22) 


where:  Rp  is  the  radius  to  the  center  of  pressure, 


2  sin  (R]  —  R]) 

2 _ 

3  f(Rj  -Rf) 


(22a) 


The  moment  due  to  the  spring  load.  F„  is : 

M,=  *^dd  ( R ,  •-  f?i)  =  ks  dd,  (22b) 

It 

w  here:  Rz  is  the  distance  to  the  center  of  the  spring 
load. 

The  total  bending  moment  is: 

M  =(kp+  k,)  dd.  (22c) 

The  section  modulus  at  the  shank  is: 

Z  =  ibh2  =  iRiddhi  =  kz  dd.  (22d) 
The  bending  stress  is: 


K.  REGULATOR 

103.  The  regulator,  Figure  20.  when  used,  is 
housed  in  the  recuperator  cylinder  as,  for  example, 
in  the  Puteaux  mechanism,  Figure  8.  Its  com¬ 
ponents  are  discussed  in  Chapter  V,  Part  E.  Since 
it  provides  the  means  of  regulating  pressures  during 
recoil  and  counterrecoil,  it  must  control  the  flow  of 
hydraulic  fluid  in  either  direction.  The  design  is 
essentially  one  of  configuration  ;  reasonable  pro¬ 
portions  generally  insuring  adequate  strength. 
The  diameter  should  be  large  enough  to  provide 
the  flow  channels.  Pressures  are  controlled  by  re¬ 
stricting  the  flow  with  orifices.  The  orifices  should 
exercise  most  of  the  control;  the  channels,  in¬ 
cluding  open  valves,  being  relatively  free  of  re¬ 
striction.  To  realize  this  control,  the  channels  must 
be  much  greater  in  cross  section  than  the  orifice 
area;  a  ratio  of  5:1  seems  reasonable.  According 
to  Equation  (36),  when  the  combined  area  of  all 
parallel  channels  leading  toward  an  orifice  is  at 
least  five  times  the  largest  orifice  area,  the  rise  in 
pressure  accountable  to  the  channels  will  not  ex¬ 
ceed  four  percent  of  that  due  to  the  orifice. 

L.  RECOIL  THROTTLING  VALVE 

104.  A  spring  loaded  throttling  valve  is  used  in 
some  dependent  types  of  mechanism  for  control  of 
the  hydraulic  resistance  to  flow  from  the  recoil  cylin¬ 
der  into  the  recuperator.  It  is  adaptable  to  variable 
recoil  and  is  a  feature  of  the  St.  diamond  mech¬ 
anism  (Paragraphs  65  to  69).  It  usually  has  two 
springs,  as  shown  in  Figure  21.  A  coil  spring  is 
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Figure  20.  Regulator,  Showing  Oil  Now  Paths 


used  for  light  loads  and.  because  of  space  limita¬ 
tions,  a  stiffer  Belleville  spring  for  heavy  loads. 
The  springs  may  be  preloaded  if  necessary. 

105.  At  low  angles  of  elevation,  with  long 
recoil  stroke  and  relatively  small  force,  the  throttling 


valve’s  resistance  to  opening  comes  only  from  the 
coil  spring  and  recuperator  pressure.  This  permits 
the  valve  to  open  wide,  thus  providing  the  large  ori¬ 
fice  needed.  When  the  gun  is  elevated  to  inter¬ 
mediate  angles,  the  control  arm,  actuated  by  the 
elevating  motion,  moves  the  upper  spindle  closer  to 
the  lower.  When  the  valve  is  partially  open,  the 
two  spindles  come  into  contact,  bringing  into 
action  the  higher  capacity  Belleville  spring  to  pro¬ 
vide  the  increased  resistance  to  further  valve  travel. 
At  maximum  elevation,  the  two  spindles  arc  in 
contact  from  the  very  start  of  valve  travel,  and  the 
valve  resistance  is  that  of  both  springs. 

106.  The  design  of  the  recoil  throttling  valve  is 
based  upon  recoil  velocity  and  required  crifioe 
pressure.  As  a  starting  point,  the  velocity  of  free 
recoil  (Eq.  (2))  and  the  approximate  recoil  force 
(Eq.  (3b))  are  used.  Friction  is  neglected  at  this 
time,  but  the  recuperator  pressure  is  an  important 
factor  and  must  be  considered. 

107.  The  orifice  area  to  obtain  the  necessary  in¬ 
crease  in  recoil  cylinder  pressure  may  be  found 
from  Equation  (36),  rewritten  in  terms  of  pressure 
rise.  The  peripheral  discharge  area  of  the  recoil 
throttling  valve  is : 


Symbols  are  defined  in  Paragraph  121.  The  largest 
orifice  is  used  for  low  elevation  angles  and  the  cor¬ 
responding  valve  travel  is : 


Figure  21.  Recoil  Throttling  Valve 
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he  =  (23a) 

where,  c  =  the  open  pc  rip  hen,'  of  the  valve  head. 

For  good  control,  most  of  the  flow  restriction  must 
be  in  the  orifice.  Therefore,  to  minimize  the  effect 
of  the  valve  port,  its  area  must  be  at  least  five  times 
that  of  the  through  flow.  Thus: 

4  A2  >  5 Aa,  (23b) 

where:  Dp  =  diameter  of  valve  port. 


This  constitutes  a  preliminary  design  procedure. 
Later,  in  Chapter  IX,  Part  E.  a  method  is  presented 
for  the  analysis  of  flow  through  a  throttling  valve 
along  the  entire  recoil  stroke.  This  analysis  de¬ 
termines  the  adv  anced  design  of  the  valve  com¬ 
ponents. 


M.  REGULATOR  VALVE 

108.  A  regulator  valve  (Fig.  22)  is  sometimes 
used,  as  in  the  Filloux  mechanism,  as  the  counter- 


Figure  22.  Regulator  Valve  ( Valve  Closed  for  Counterrecoil) 


27 


recoil  brake.  It  is  housed  in  the  liquid  end  of  the 
recuperator  and  regulates  the  flew  of  hydraulic 
fluid  from  recuperator  to  counterrecoil  cylinder 
throughout  the  counterrecoil  stroke.  During  re¬ 
coil,  fluid  under  pressure  opens  the  valve,  per¬ 
mitting  relatively  free  passage  through  the  ports. 
As  counterrecoil  begins,  the  reversed  flow  of 
hydraulic  fluid,  plus  the  valve  spring  force,  seats 
the  valve.  The  valve  spring  must  be  stiff  enough  to 
do  this  promptly.  There  are  now  only  small 
orifices  in  the  valve  available  for  fluid  flow.  These 
are  designed  to  provide  the  proper  restriction  and 
to  maintain  specified  counterrecoil  velocity'  as 
discussed  in  Chapter  IX,  Part  E. 

N.  MANUFACTURING  PROCEDURES 

109.  No  special  techniques  are  involved  in  the 
fabrication  of  the  recoil  mechanisms.  They  can  be 
constructed  by  standard  machine  shop  operations. 
It  should  be  emphasized  however  that  surface 
finishes  and  clearances  for  moving  parts  are  critical. 
According  to  Ordnance  Finishes  Specification 
URAX6,  the  limit  on  surface  finishes  of  cylinder 
bores  is  4  microinches  FMS,  that  on  antifriction 
metal  is  16  RMS,  and  that  on  parts  sliding  in 
packings  is  8  RMS.  To  obtain  these  finishes,  the 
cylinder  bore  is  radially  honed  and  draw  polished. 
The  bearing  on  the  piston  is  turned  on  a  lathe. 
The  one  in  the  stuffing  box  is  bored  by  lathe.  The 
piston  rod  is  ground,  honed  (hone  fixed,  rod  ro¬ 
tated),  and  draw  polished.  Suggested  clearance  be¬ 
tween  sliding  members  of  the  recoil  brake  is 

O. 0030  ±  0.0005  in.  and  of  the  recuperator  is 
0.005  ±  0.001  in.  The  antifriction  metal  of  the 
bearing,  whether  on  piston  or  in  stuffing  box,  is 
fitted  on  assembly  to  assure  the  proper  sliding  fit. 

O.  MAINTENANCE  FEATURES 

110.  A  sound  recoil  mechanism,  always  es¬ 
sential  for  a  well-performing  weapon,  demands 
proper  maintenance.  Ease  of  maintenance  thus 
becomes  a  principal  design  criterion.  Today's  re¬ 
coil  mechanisms,  with  their  high  pressures  or  large 
spring  forces,  are  potentially  too  dangerous  for 
any  attempt  at  disassembly  in  the  field.  Main¬ 
tenance  activity,  except  for  inspection,  is  limited  to 
the  confines  of  an  arsenal  ora  specially  equipped 
base  shop  where  experienced  crews  are  available. 


Apart  from  the  danger  involved,  field  disassembly 
is  discouraged  because  the  interior  parts  become 
exposed  to  dirt  that  may  cause  leaks-by  scratching 
highly  polished  surfaces  or  that  may  become  lodged 
in  valves  and  packings.  The  ideal  recoil  mechanism 
from  this  viewpoint,  which  presents  a  challenge  to 
the  future  designer,  is  one  having  ready  and  com¬ 
plete  field  maintenance  features. 

111.  Maintenance  activities  may  be  performed 
either  in  the  field  or  in  the  shop.  The  latter  pertains 
to  all  work  associated  with  repair  and  replacement 
if  disassembly  of  the  whole  or  part  of  the  recoil 
mechanism  is  necessary'.  Inspections  and  minor 
adjustments  may  be  performed  in  the  field.  These 
include  checking  for  damage,  wear,  failure,  or 
impending  failure  of  all  structural  components. 
A  dented  cylinder,  scored  or  worn  sliding  surfaces, 
a  bent  piston  rod,  or  crushed  threads  are  positive 
indicators  of  need  for  repair.  Check  points,  filling, 
and  drain  plugs  should  be  readily  accessible.  The 
oil  index  or  replenisher  should  show  a  sufficient  oil 
reserve  at  all  times.  Both  gas  and  oil  should  be 
measured  for  proper  working  pressures.  Leaks 
should  be  detected  and,  if  minor,  stopped  by 
tightening  the  fitting  involved.  If  leaks  persist,  re¬ 
quiring  continued  refills,  defects  at  the  packings  or 
seals  arc  indicated  and  call  for  shop  repairs. 

112.  Recoil  mechanisms  have  relatively  large, 
highly  finished  interior  surfaces  which  arc  subject 
to  deterioration  when  in  prolonged  disuse  such  as 
during  storage  periods.  This  progressive  damage 
may  be  retarded  considerably  by  the  use  of  oil 
containing  corrosion  inhibitors  but  such  help  is 
confined  to  those  parts  containing  oil.  Formerly 
the  principal  cause  of  deterioration  has  been  the  cor¬ 
rosive  effect  of  unlubricated  packings  on  cylinder 
walls  and  rods  attributed  to  the  residual  acid  in  the 
leather.  Exercising  the  mechanism  by  moving  rods 
and  pistons  to  re-establish  the  oil  filmbetween  pack¬ 
ings  and  sliding  surfaces  practically  eliminates  all 
corrosion  tendencies.  Exercising  may  be  ac¬ 
complished  by  pulling  the  recoiling  parts  with  a 
winch  or  similar  apparatus  or,  better  still,  by  firing 
the  weapon  if  this  is  practical.  The  operation 
should  be  performed  at  least  once  in  each  six- 
month  period  in  normal  climates  and.  unless  in¬ 
spections  indicate  otherwise,  oftener  in  extreme 
climates.  Tests  show  that  newly  adopted  Teflon 
packings  have  eliminated  all  traces  of  corrosion. 
However,  until  the  improvements  shown  by  this  de- 
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velopment  have  been  firmly  established  over  long 
periods,  the  practice  of  exercising  the  mechanism 
should  continue. 

IX.  SINGLE  RECOIL  SYSTEM 
CALCULATIONS 

A.  PROPELLANT  GAS  FORCE  VS.  TIME  CURVE 

113.  Recoil  calculations  are  based  on  the  prin¬ 
ciple  of  linear  impulse  and  momentum  which  states 
in  essence  that  the  linear  impulse  equals  the 
change  in  linear  momentum.  Expressed  mathe¬ 
matically, 

j*2  Fgdt  =  M(v 2  -  »i)>  (24) 

where : 

M  =  mass  equivalent  of  projectile 
and  propellant  gas, 
vx  =  projectile  velocity  at  time,  t\, 
v2  =  projectile  velocity  at  time,  t2. 

The  expression  Fgclt  represents  the  impulse  of 

the  applied  force  and  is  obtained  by  measuring  the 
area  under  the  force-time  curve  between  the  time 
limits  of  t\  and  t2.  This  curve  is  obtained  from  the 
interior  ballistician  (see  Fig.  23).  The  subject  of  in¬ 
terior  ballistics  is  covered  in  a  separate  Ordnance 
Corps  Pamphlet,  ORDP  20-247,  Design  for  Pro¬ 
jection  (C). 

Fe  =  PgAg,  propellant  gas  force,  (24a) 

where:  PK  =  propellant  gas  pressure 
A,  =  bore  area. 

Since  the  expression  M(v 2  —  v\)  represents  a 
change  in  the  momentum  of  projectile  and  pro¬ 
pellant  charge,  then,  according  to  the  law  of  the 
conservation  of  momentum, 

M(v 2  -  »i)  =  Mr(vfl  -  vh)  (24b) 

where:  Mr  =  mass  of  recoiling  parts. 

vh  =  velocity  of  free  recoil  at  t\, 
o/2  =  velocity  of  free  recoil  at  t2. 

B.  RECOIL  FORCE  CHART 

114.  The  length  of  recoil  stroke  and  the  ap¬ 
proximate  retarding  force  were  determined  earlier 


in  Paragraph  78.  It  is  now  desired  to  separate  the 
retarding  force  into  its  several  parts.  A  chart  is 
drawn  representing  increments  of  stroke  as  ab¬ 
scissae  and  the  corresponding  forces  as  ordinates 
(see  Figure  5).  First,  the  total  retarding  force  is 
plotted.  Next,  frictional  resistance,  Kf,  of  the 
cradle  guides  and  recoil  brake  packings  is  sub¬ 
tracted  and  the  net  result,  KR,  plotted.  Now  the 
recuperator  force,  Ka,  plus  its  packing  friction  and 
other  losses,  (fp  4-  /„),  are  shown.  The  difference 
betw  een  the  net  retarding  force,  less  friction,  and  the 
total  recuperator  force,  including  friction,  must  be 
provided  by  the  hydraulic  resistance  of  the  recoil 
brake,  F0.  Finally,  the  net  recuperator  force,  less 
friction,  is  that  which  is  available  to  return  the  gun 
to  the  in-battery  position. 

C.  RECOIL  CALCULATIONS 

115.  A  long  recoil  stroke  is  desirable  as  it  re¬ 
duces  forces,  but  the  length  will  necessarily  be  lim¬ 
ited  by  the  size  and  arrangement  of  the  weapon. 
Calculations  of  recoil  forces  and  length  of  stroke 
are  based  on  the  mass  of  recoiling  parts,  the  gas 
force-time  curve  (Figures  23  and  24)  and  the  recoil 
force-distance  curve  (Figure  5).  The  gas  force  acts 
from  the  time  the  projectile  first  begins  to  move  in 
the  tube  until  after  it  has  left  the  muzzle  and  the  gas 
pressure  has  decayed  to  zero. 

1 16.  On  the  force-time  curv  e,  select  an  increment 
of  time.  At,  small  enough  that  the  included  curve 
may  be  reasonably  represented  by  a  straight  line, 
and  take  for  the  average  gas  force,  ,  a  value  half¬ 
way  along  At.  The  average  force  tending  to  accel¬ 
erate  the  recoiling  parts  is  this  gas  force  plus  the 
component  of  weight  parallel  to  the  bore: 

F  =  Fg  +  Wr  sin  6.  (25) 

The  force  is  opposed  by  the  total  retarding  force, 
K  (refer  to  Figure  5),  so  that  the  net  accelerating 
force  is : 

Fa  =  F  -  K  =  Mr  -Jtj  =  M,a,  (25a) 

where:  a  =  average  recoil  acceleration  during 

According  to  D'Alembert’s  principle,  Fa  also  rep¬ 
resents  the  inertia  force  of  the  recoiling  parts. 
Despite  all  endeavors  to  the  contrary,  the  recoil 
(retarding)  forces  seldom  work  out  to  be  constant 
during  the  first  part  of  the  stroke  and  so  must  be 
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Figure  23.  Propellant  Gas  Force-Time  Curve  During  Projectile  Travel  in  Bore 
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Figure  24.  Propellant  Gas  Force-Decay  Curve  After  Projectile  leaves  Muzzle 


considered  as  an  average  along  Ax,  the  recoil 
travel  during  At.  Then: 


K  =  i  (K„  _  i  +  K„).  (26) 


Kn  is  selected  as  the  point  on  the  curve  where  it  is 
anticipated  the  recoiling  parts  will  have  reached  at 
the  end  of  At  (Paragraph  78  and  Fig.  5).  After  Ax 
has  been  calculated,  it  is  checked  for  compliance 


30 


with  Kn.  If  KAx  is  significantly  different  from  Kn, 
another  trial  must  be  made  and  the  process  re¬ 
peated.  After  K  has  been  established  and  the  net 
accelerating  force  calculated,  the  acceleration  of 
the  recoiling  mass  is  found  from  Equation  (25a): 

«  -ft.  <27> 

where:  Mr  =  mass  of  the  recoiling  parts. 

The  change  in  velocity  is : 

Av  =  aAt,  (28) 

and  the  total  velocity  at  the  end  of  each  interval : 

v,  =  2Azj.  (29) 

The  average  velocity  during  At  becomes : 

=  i  (v„  - 1  +  v„),  (30) 

where  vn  _  (  is  velocity  of  recoil  at  beginning  of  At, 
and  the  distance  traveled  during  At  is: 

Ax  —  v<*At.  (31) 

The  total  travel  becomes: 

*  =  ZAx.  (32) 

117.  At  the  beginning  of  recoil,  where  the  recoil 
velocity  is  zero,  the  total  resistance  must  be  pro¬ 
vided  by  the  recuperator.  If  the  orifice  area  is  zero 
at  this  point,  no  fluid  flow  can  occur,  so  the  initial 
recoil  travel  depends  solely  on  fluid  compressibility. 
However,  there  is  no  assurance  in  some  recoil 
mechanisms  that  the  orifice  will  be  opened  after 
the  fluid  is  compressed,  with  the  result  that  high 
peak  pressures  will  occur.  This  condition  may  be 
corrected  by  providing  the  minimum  orifice  at  the 
beginning  of  recoil  stroke  to  assure  oil  passage  dur¬ 
ing  the  entire  stroke.  Then,  the  recoil  force  may  be 
varied  from  the  minimum,  or  recuperator  force  at 
the  beginning,  to  the  maximum  at  some  arbitrary' 
point  after  motion  begins.  The  rate  at  which  the 
recoil  force  increases  should  be  as  near  that  of  the 
propellant  gas  force  as  possible  until  the  maximum 
retarding  force  is  reached  so  as  to  assure  the 
maximum  efficiency  of  the  recoil  mechanism  and 
still  not  develop  peak  pressures. 

118.  When  recoil  motion  ceases,  the  distance 
traveled  should  be  equal  to  the  specified  recoil 
distance.  If  there  is  a  lack  of  agreement  of  more 
than  1.5%  the  recoil  force,  K,  must  be  adjusted  to 
compensate  for  the  discrepancy.  The  entire  per¬ 


formance  analysis  must  then  be  repeated  until 
close  agreement  between  specified  and  computed 
recoil  distances  is  achieved.  (See  sample  problem, 
Paragraphs  210  through  213.)  It  is  possible  that 
the  above  recoil  calculations,  as  well  as  those  for 
counterrecoil  (see  Paragraph  120),  can  be  adapted 
to  high-speed  computers. 


D.  ANALYSIS  OF  FLUID  BEHAVIOR  DURING  RECOIL 

1.  Recoil  Force 

119.  The  total  retarding  force  is  the  sum  of  the 
hydraulic  (brake)  force,  the  recuperator  force,  and 
the  sliding  frictional  force  of  the  recoiling  parts. 
Sliding  friction  is  governed  by  the  weight  of  recoil¬ 
ing  parts  plus  the  effects  of  eccentricities.  Assum¬ 
ing  a  dependent  type  of  mechanism,  with  only  one 
rod  attached  to  the  breech  ring,  the  reaction  on  the 
front  cradle  bearing  is  calculated  by  taking  moments 
about  the  intersection  of  R2  and  Kf  and  solving  for 
R\  (see  Fig.  25): 

R\  =^KR  +  -Wr  cos  8 
,  a  « 

+  JAFa  ~  W'rSin*)  -WFg. 
a  a 

The  lengths  a  and  b  arc  defined  in  Fig.  25.  The 
directions  of  R\  and  R2  may  be  the  same  or  op¬ 
posite,  depending  on  the  value  of  R\  compared  with 
Wr  cos  e.  If  R\  <  Wr  cos  e,  then  the  reaction  on 
the  rear  bearing  is : 

R2  =  Wr  cos  8  -  Ru  (34) 

acting  in  the  direction  of/? i-  If/?i  >  WT  cos  8,  then: 

R2  =  R\  —  wr  cos  8,  (34a) 

acting  in  the  opposite  direction.  When  computing 
friction  of  the  slides,  the  reactions  are  added 
arithmetically,  thus, 

Kf=  p.(Rx  +  R2),  (35) 

is  the  frictional  force.  The  total  resistance  to  recoil 
consists  of  two  components: 

K  —  KR  Kf,  (35a) 

where  KR  =  recoil  brake  rod  force  or  rod  pull. 
According  to  Equations  (25)  and  (25a), 

Fa  =  Fg  +  Wr  sin  8  -  K.  (35b) 

Now.  by  making  the  proper  substitutions  in  Equa- 
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tion  (33)  with  the  values  obtained  from  Equations 
(34)  through  (35b),  the  front  reaction  is: 


R,  - 


z  - -f  K  +  b-  1  Vr  cos  e 


df  dp  r, 

-  •*  p< 


(35c) 


w 


hen  R\  <  Wr  cos  0,  or 


Fg  is  taken  as  zero  and  R\  and  R2  are  assumed  con¬ 
stant  over  the  total  recoil  distance. 

120.  The  recoil  rod  force,  K„  comprises  the 
force.  F0,  generated  by  the  restriction  of  the  con¬ 
trolled  orifice,  the  force  due  to  the  elastic  medium 
of  the  recuperator,  Ka,  the  packing  frictional  force. 
fp,  and  the  resistance.  f0,  of  oil  flow  through  the 
various  ports.  The  force  required  to  overcome  the 
inertia  of  hydraulic  fluid  and  the  moving  internal 
parts  of  the  system  is  so  small  in  comparison  with 
other  forces  that  it  can  be  excluded  with  negligible 
error.  Also,/0  may  be  so  small  as  to  be  negligible. 

A  spot  check  onlv  is  required  to  decide  when  it 
should  be  considered. 


when  Rx  >  Wr  cos  6.  This  is  a  tedious  process  if  2  Orifice  Size 
made  for  each  step  of  the  detailed  analysis.  Since 

the  propellant  gas  force  is  present  for  only  a  short  121.  From  hydraulics,  the  rate  of  flow: 
recoil  distance,  the  error  introduced  is  negligible  if  o  =  Av  =  C^a0v0, 
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where.  A  =  effective  area  of  recoil  piston, 
a,  =  area  of  orifice, 
v  =  recoil  velocity, 
v0  =  velocity  of  flow  through  orifice, 

Ca  =  orifice  coefficient  or  coefficient  of 
discharge. 

In  terms  cf  the  velocity  head,  h : 
v0  =  Vlgh. 

Now  if,  P  =  hydraulic  pressure  in  recoil  brake 
cylinder, 

Pr  =  recuperator  pressure  or  equivalent 
pressure  of  spring, 

Pk  =  P  —  Pr  =  pressure  rise  due  to  orifice, 

then  Ph  =  wh  =  hydraulic  pressure  head, 

where:  w  =  density  of  fluid, 

and  F0  =  PhA  =  hydraulic  force  generated 
by  orifice, 
w 

p  =  —  =  mass  density  of  fluid. 

o 


Substituting  these  values  in  the  flow  equation  for  O, 


Solving  for  the  orifice  area, 

-  l pA l 

a°  ~  C0  \  2  F; 


(36) 


122.  The  orifice  coefficient,  or  coefficient  of  dis¬ 
charge,  depends  to  a  great  extent  on  Reynolds 
number  and  on  whether  the  orifice  is  sharp  or 
round-edged  and  to  a  lesser  extent  on  its  shape, 
e.g.,  circular  or  rectangular.  A  list  of  coefficients 
previously  used  and  their  manner  of  application 
follows*: 


C„  =  0.95,  throttling  bar  (round), 

C-„  =  0.95,  rectangular  groove  (counterrecoil). 

C„  =  0.77  to  0.91,  throttling  valve  (recoil), 

C„  =  0.71  to  0.83,  rectangular  groove  (buffer), 

C,  =  0.60,  for  sharp  edge  orifice. 

Flow  through  the  orifice  in  a  recoil  system  is  con¬ 
fined  to  the  turbulent  range.  Also,  the  ratio  of  ori¬ 
fice  area  to  piston  area  is  generally  less  than 
0.02.  Consequently,  according  to  Rouse,?  a  dis¬ 
charge  coefficient  of  0.60  is  recommended.  Ballis- 

*  These  values  were  provided  by  Watertown  Arsenal, 
t  Page  261  cf  Reference  11. 


tics  Research  Laboratories  offers  another  ap¬ 
proach  but  consigns  it  to  concentric  recoil  mechan¬ 
isms.  It  incorporates  the  use  of  drag  coefficients  in 
relation  to  the  ratios  of  piston  areas  to  orifice  areas. 

123.  Equation  (36)  assumes  that  all  the  fluid  dis¬ 
placed  by  the  recoil  piston  passes  through  the  ori¬ 
fice.  If  some  of  the  displaced  fluid  does  not  flow¬ 
through  the  orificebut  remains  to  fill  the  void  left  by 
the  moving  control  rod,  as  in  the  Puteaux  mechan¬ 
ism.  the  equation  must  be  revised.  The  derivation 
of  the  revised  equation  appears  in  Paragraph  135. 
The  orifice  area  becomes  : 


where:  AR  =  recuperator  cross  section  area, 

A,  =  control  rod  cross  section  area. 

The  area  of  the  control  rod  varies  but,  for  use  in 
Equation  (37),  it  may  be  considered  as  constant. 
A,  is  small  compared  with  A,  and  the  error  intro¬ 
duced  w  ill  be  negligible. 


3.  Losses  in  the  Hydraulic  System 

124.  Considering  the  losses  in  the  hydraulic 
system,  the  orifices  generate  the  resistance: 

F„  =  Kr  —  ~~  (JP  +  -/,).  (38) 

Paragraph  90  discusses  the  packing  frictional 
forces,  f  In  some  recoil  mechanisms,  the  fluid 
does  not  flow  directly  from  the  recoil  piston  to  the 
orifice  but  passes  through  other  restrictions  such 
as  ports  between  cylinder  and  recuperator  and 
through  valves  of  regulators.  These  restrictions 
are  not  necessarily  deleterious  to  the  proper  func¬ 
tioning  of  the  recoil  mechanism  as  they  merely 
contribute  to  the  throttling  pressure.  For  good 
control,  however,  their  total  influence  must  be  small 
compared  to  that  of  the  regulated  orifice.  Accord¬ 
ing  to  Equation  (36),  the  force  on  the  recoil  piston 
necessar>r  to  develop  the  pressure  at  each  restriction 
in  series  is: 

f,  =  P  A  (39) 

-C~  A; 

t’(,  may  be  taken  as  unity.  The  terms  in  Equation 
(39)  are  defined  in  Paragraphs  120  and  121,  ex¬ 
cept  for  A„  the  port  area.  As  stated  in  Paragraph 
120,  a  spot  check  quickly  determines  whether  this 
force  can  be  treated  as  negligible. 

* 
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Reference  12. 


(40) 


4.  Compressibility  of  Hydraulic  Fluid 

125.  If  the  fluid  were  incompressible,  the 
distance  travelled  by  the  moving  parts  would  be 
directly  proportional  to  the  volume  of  displaced 
fluid.  But  the  fluid  does  compress,  and  the  recoil 
piston  will  move  farther  than  the  distance  indicated 
by  the  displaced  volume.  When  this  additional 
distance  becomes  appreciable,  allowance  must  be 
made  for  it  in  design.  Experimental  data  are  in¬ 
sufficient  to  conclude  precisely  when  this  factor 
should  be  considered,  hence  it  remains  a  matter  of 
engineering  judgment.  As  a  conservative  measure, 
compressibility  should  be  considered  if  it  permits 
an  increase  in  recoil  stroke  of  more  than  29  per¬ 
cent  of  the  overtravel.  Overtravel  is  defined  as  an 
additional  distance  provided  in  case  the  recoil 
energy,  for  some  uncontrollable  reason,  is  not  com¬ 
pletely  absorbed  within  the  limits  of  the  specified 
recoil  travel  distance.  Consider  the  mechanism  in 
Figure  26.  The  travel  of  the  piston  (and.  there¬ 
fore,  the  recoiling  parts)  and  of  the  control  rod  are 
both  influenced  by  the  compressibility  of  the  fluid. 
The  volume  of  the  hydraulic  fluid  between  brake 
piston  and  orifice  plate  is  represented  by: 


V  =  Vo  ~  xAt 


where:  Vo  =  the  initial  fluid  volume, 

A  =  effective  area  of  the  piston, 
x  =  travel  distance  of  recoiling  parts  at 
any  time  t. 


The  change  in  volume  due  to  compressibility  is: 


AV  = 


(41) 


where:  Mb  =  bulk  modulus  of  the  fluid, 

AP  =  P  -  PQ, 

P  =  fluid  pressure  in  brake  cylinder  at  x, 
P0  =  fluid  pressure,  in-battery  position 
(minimum  recuperator  pressure). 

The  recoil  travel  distance  then  becomes: 

x  =  x'  +  Ax,  (42) 

where:  x’  =  travel  distance  if  the  fluid  is  in¬ 
compressible, 


The  calculations  showing  the  control  rod  displace- 


Figure  26.  Oil  Chambers  of  a  Recoil  Mechanism 
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ment  are  somewhat  more  involved.  All  the  liquid 
forced  from  the  brake  cylinder  does  not  flow 
through  the  orifice.  A  small  amount,  equal  in  vol¬ 
ume  to  that  part  of  the  control  rod  which  passes 
through  the  orifice,  fills  that  void.  The  volume  of 
fluid  flowing  through  the  orifice  is: 


The  compressibility  changes  this  volume  to  tins 
value: 

Vh  =  Vfi(  \  -  Mh  APX)  +  V/o  (1  -  Mb A  P 0),  (47a) 

where:  a Px  =  Px  -  p, 

AP  o  =  Px  —  Pq. 


Vft  =  (xA  —  AV)  —  V„  (43) 

where:  V,  =  displaced  volume  of  control  rod. 

Although  the  diameter  of  the  control  rod  varies, 
the  mean  area  of  the  rod  is  assumed  to  extend 
along  its  total  length  to  simplify  the  calculations. 
This  is  permissible  as  the  area  of  the  rod  at  any 
point  is  small  in  comparison  with  the  area  of  the  re¬ 
cuperator;  hence,  only  a  negligible  error  is  involved. 
The  total  displacement  of  floating  piston  plus  con¬ 
trol  rod  is: 


ARxR  =  (v4  -  AV),  (44) 

where  xK  =  travel  of  control  rod, 

and  the  displacement  of  the  control  rod  is: 

K  =  Ac  xR.  (45) 

Subtracting  the  two  volumes: 

(Ar  —  Ac)xr  =  (xA  —  Ak)  —  V,, 

or:  Ar  7  Ac  Akxk  =  (xA  -  AV)  —  Vc. 

Ar 

=  (xA  —  AV),  hence, 

V,,  =  (xA  -  At")  Afl  ~  /lf.  (46) 


where:  AR  =  area  of  the  recuperator  cylinder, 

A,  =  average  area  of  the  displaced  por¬ 
tion  of  the  control  rod. 

During  recoil,  the  gas  is  compressed  and  the  pres¬ 
sure  increases,  thus : 


Pq  =  fluid  pressure:  in-battery  position, 
PK  =  gas  pressure  at  any  position  of 
recoil. 


The  liquid  in  the  low  pressure  chamber  between  the 
floating  piston  and  the  orifice  plate  has  a  slightly 
larger  volume  than  if  it  were  subjected  to  the 
pressure  in  the  brake  cylinder.  The  total  volume  in 
the  low  pressure  chamber  becomes: 


when. 


Vh  =  Vh  +  (/0> 

Vr,  =  the  initial  fluid  volume. 


(47) 


Thus  the  component  V/t  will  increase  in  volume  and 
V/0  will  decrease.  The  distance  traveled  by  the 
control  rod  now  becomes : 


(48) 


The  control  rod  diameters  will  be  the  same  as 
those  for  the  incompressible  fluid  but  at  different 
locations  along  its  length. 


5.  Analysis  for  Recoil  Throttling  Valve 

126.  The  calculations  for  a  recoil  mechanism 
that  is  controlled  by  a  throttling  valve  (Figure  21) 
such  as  for  the  St.  diamond  are  basically  the  same 
but  somewhat  more  involved  than  for  the  mechan¬ 
ism  whose  orifice  size  is  controlled  by  the  position 
of  the  recoiling  parts.  In  the  latter,  t  he  orifice  area 
is  detennined  from  established  recoil  forces  and 
velocities  as  discussed  in  Chapter  IX,  Parts  C,  D-l 
and  D-2.  The  behavior  of  the  throttling  valve  is 
more  complex  because  neither  recoil  force  nor 
velocity  can  be  detennined  independently  of  the 
fluid  flow.  For  example,  suppose  that  a  constant 
pressure  rise  through  the  spring-loaded  throttling 
valve  is  desired  during  the  total  recoil  stroke.  A 
constant  pressure  rise  and,  hence,  a  constant  force 
applied  to  the  valve  means  a  constant  spring  de¬ 
flection,  and.  consequently,  a  constant  orifice  area. 
But,  according  to  Equation  (23),  to  maintain  all 
these  functions  constant,  recoil  velocity  must  re¬ 
main  constant.  Since  the  recoil  velocity  does  vary 
(from  some  positive  value  to  zero)  the  above  ex¬ 
ample  is  unsound.  Generally  then,  the  pressure 
rise,  and.  hence,  the  recoil  force  cannot  be  eval¬ 
uated  on  the  basis  of  recoil  distance  and  velocity 
alone.  Flowever,  an  acceptable  recoil  force- 
distance  curve  can  be  ootained  by  tht:  selection  of 
valve  springs  with  appropriate  spring  rates. 

!27.  The  characteristic-  of  the  springs  cannot  be 
determined  ir.  one  operation  but  must  depend  on  a 
trial  and  error  analysis.  Assuming  that  the  various 
parameters,  including  the  recoil  brake  diameter,  the 
recuperator  izc  and  pressure,  the  length  of  recoil. 
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and  the  valve  dimensions,  have  been  given  fixed 
values,  preliminary  valve  spring  rates  can  be  de¬ 
termined. 

128.  Two  conditions  determine  the  spring  rates. 
The  rate  of  the  coil  spring  for  long  recoil  depends 
on  horizontal  firing  whereas  the  combined  rate  of 
Belleville  and  coil  springs  for  short  recoil  depends  on 
firing  at  the  maximum  angle  of  elevation.  In 
either  case  velocity  and  energy  of  free  recoil  are 
found  from  Equations  (2)  and  (3a),  respectively, 
and  the  first  approximations  of  K,  the  total  re¬ 
sistance  to  recoil,  is  found  from  Equation  (3b). 
Equation  (3b)  shows  that  K  is  appreciably  smaller 
for  horizontal  firing,  where  recoil  distance  is  long, 
than  for  high  angle  firing,  where  recoil  distance  is 
short.  The  maximum  value  of  Fn,  the  hydraulic 
resistance,  is  obtained  from  force-distance  curves 
similar  to  Figure  5.  The  curves  are  based  on  the 
value  of  K,  above,  and  on  the  recuperator  pressure 
found  according  to  Part  G,  Chapter  VIII.  It  is 
assumed  that  maximum  F,  is  acting  at  the  maximum 
velocity'  of  free  recoil.  Since  Fa  =  APh  (Paragraph 
121),  Equation  (23)  may  be  solved  for  the  maximum 
discharge  area  of  the  valve.  Thus,  writing  Eq.  (23), 
but  substituting  the  maximum  velocity  of  free  re¬ 
coil  Vj  for  v, 


A0  = 


PA2 


\  2  Cl  p, 


vh 


(49) 


where:  A,  =  peripheral  area  of  valve. 


But  from  Eq.  (23a), 


A„  =  ch ,,  (49a) 


where:  c  =  the  open  periphery  of  the  valve  head, 
hc  =  coil  spring  deflection  or  valve  lift. 

According  to  Paragraph  121, 

P  =  Ph  +  pt.  (49b) 


Thus,  for  the  force  on  the  coil  spring, 


Fc  =  A,  P, 


(49c) 


where:  A,  =  effective  pressure  area  of  The  valve. 
Solving  for  the  coil  spring  rate: 

K  =  F-  (49d) 


where:  F'c  =  the  initial  coil  spring  load. 
For  the  first  trial  assume,  F'  —  F"  £ 


Values  are  determined  similarly  for  the  maximum 
angle  of  elevation.  For  this  condition  Ph  is  larger 
and  A ,  is  smaller. 


A,  =  chs,  (49e) 

where:  /?,  =  deflection  of  the  combined  coil  and 
Belleville  springs. 

The  force  on  the  springs  is: 

Fs  =  A,  P,  (49f) 

and  the  combined  spring  rate  is: 


K  = 


(49  g) 


where:  FI  =  the  combined  initial  spring  load. 
The  initial  Belleville  load  is: 


Fh  =  f;  -  F’. 


(49h) 


For  the  initial  analysis  assume  that  F[  =  2'. 


The  required  Belleville  spring  rate  is: 

Kb  =  K,  -  Kc.  (49i) 

129.  The  values  obtained  from  the  equations  of 
the  49  series  are  preliminary'  and  are  used  for  the 
first  step-by-step  analysis  of  the  recoil  system.  The 
procedure  followed  in  the  analysis  is  developed  in 
Chapter  IX  of  Reference  4.  First  consider  the 
horizontal  firing  position  for  long  recoil: 


,  „  x  AP +  K/ 

vn  =  **„_,)  +  (vfn  -  vAn_{) - u - AP 


Mr 


(50) 


the  recoil  velocity  at  interval  n, 
where:  A  =  effective  recoil  piston  area, 

Kt  =  frictional  resistance  to  recoil, 

Mr  =  mass  of  recoiling  Darts. 

Py„~\)  =  recoil  brake  pressure  during  the  past 
interval. 


The  change  in  free  recoil  velocity: 

»/.  -  =  AvP  <50a ) 

is  determined  by  the  method  discussed  in  Para¬ 
graph  116. 

Select  a  short  time  interval  (say  At  =  0.00 ;ec) 
on  the  propellant  gas  force  curve  (Fig.  23)  and  read 
the  force  Ft,  at  assuming  it  acts  throughout 
A/.  The  accelerating  force  on  the  recoiling  parts 
becomes,  according  to  Equation  (25), 
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F  =  Fs  ' t-  W r  sin  e. 

At  e  =  0,  zero  angle  of  elevation,  the  accelerating 
force  simply  becomes  the  gas  force.  Since  the 
acceleration , 


a 


(50b) 


the  change  in  free  recoil  velocity  is: 


It  is  well  to  remember  that  for  the  first  step  the 
recoil  velocity  is: 


After  the  analysis  is  completed,  the  recoil  force- 
distance  curve  is  shown  to  compare  it  with  the 
original  assumed  curve.  If  the  calculated  distance, 


F 

Avf  =  aAt  =  --  At. 


(50c) 


During  this  time,  resistance  to  recoil  is  offered  by 
Kf,  the  frictional  forces,  and  AP,  the  recoil  brake 
force.  This  resistance  can  be  expressed  in  terms 
of  “change  in  velocity”,  similar  to  Equation  (50c), 


Av 


AP („-i>  +  A)  Af 
Mr 


(50d) 


If  At  is  small,  the  use  of  rather  than  P,  which 
is  unknown,  is  permissible  as  the  error  involved  is 
small. 

130.  The  pressure  in  the  recoil  brake  cylinder  is 
solved  by  the  equation 


+ 


Pr  (51) 


x  —  2v„At, 


(52) 


lacks  agreement  by  more  than  1.5  percent  with  the 
specified  distance  and  if  the  resistance  to  recoil, 

K  =  AP  +  Kf,  (52a) 

peaks  at  any  time,  the  springs  should  be  redesigned 
and  the  analysis  repeated  until  the  results  are 
acceptable. 

131.  For  the  shortest  recoil,  i.e .,  for  maximum 
angle  of  elevation,  the  recoil  calculations  follow  the 
same  general  procedure  as  for  long  recoil.  the 
combined  spring  rate,  is  acting  throughout  the  re¬ 
coil  stroke  and  the  expressions  for  B  and  m  change 
accordingly : 


m 


P  A2K) 
~iC*c2A\ 

K  +  A,  Pr 
Av~ 


V 


2 
n ’ 


(52b) 


(52c) 


w  here  :  A,  =  area  of  the  valve  stem. 


where:  Pr  =  the  recuperator  pressure,  oil  end. 


Ns  =  ?  +  B 

27  ^  my 

(51  a) 

pA2  K2_  , 

B  ~  1C;^AI  V"' 

(51b) 

Jv 2  —  F' 

m  -  *r  - 

(51c) 

J  =  pA 2 

2a; 

(5ld) 

mass  density  of  fluid. 

Except  for  short  distances  at  the  beginning  and  end 
of  recoil,  1/730  becomes  negligible  in  comparison 
with  /Vh/4  and  may  be  omitted  without  serious 
error.  Equation  f 51)  therefore  reduces  to 

P  =  m(N  -  5)  +  Pr-  (51c) 


(52d) 

132.  After  the  recoil  particulars  have  been  es¬ 
tablished  for  zero  and  maximum  angles  of  eleva¬ 
tion,  the  intermediate  firing  positions  are  eval¬ 
uated.  The  problem,  here,  is  to  determine  when 
to  bring  the  Belleville  springs  into  action  to  augment 
the  coil  spring.  At  low  angles  of  elevation,  this 
action  is  delayed  until  near  the  end  of  recoil.  At 
higher  angles,  it  is  brought  into  play  near  the  be¬ 
ginning.  The  space  between  the  valve  stem  and 
the  Helleville  spring  spindle  sets  the  distance 
through  which  the  coil  spring  must  deflect  before 
the  Belleville  springs  begin  to  function.  This 
space  is  regulated  by  a  cam  attached  to  the  tipping 
parts  so  that  the  higher  the  elevation,  the  smaller 


For  the  first  step: 

'('•  '  ) 


®i  =-  »/, 


Mr 
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The  Fe>  here,  is  the  coil-spnng  load  just  as  the 
valve  stem  contacts  the  valve  stop  to  bring  the 
Belleville  springs  into  play. 

E.  COt  INTEltRECOIL  CALCULATIONS 

133.  If  free  counterrecoil  is  permitted,  i.e.,  no 
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the  space.  During  the  early  part  of  recoil,  the  cal¬ 
culations  are  the  same  as  for  zero  elevation. 
During  the  later  part  of  recoil,  the  calculations 
follow  the  procedure  for  the  maximum  angle  of 
elevation  with  the  exception  that: 

m  =  Jvn  +A,Pr-  K  (52e) 


where : 


=  F  +  F* 


DISTANCE  OUT  OF  BATTERY 

THE  ARROW  INDICATES  THE  DIRECTION  OF  COUNTERRECOIL 

F  =  FORCE  ON  COUNTERRECOIL  PISTON 

1  X 

F  =  AVAILABLE  COUNTERRECOIL  FORCE  BEFORE  THROTTLING 
oc 

F  =  NET  COUNTERRECOIL  ACCELERATING  FORCE 
c  r 

F.  =  TOTAL  BUFFER  FORCE 

D 

F  =  HYDRAULIC  RESISTANCE  O  F  C  O  U  N  TE  RR  E  C  O  I  L  ORIFICE 

tx: 

F-fc  =  FRICTIONAL  RESISTANCE  OF  SLIDES  DURING  C  O  U  N  T  E  R  R  E  C  O  I L 
f  =  HYDRAULIC  RESISTANCE  OF  RECOIL  ORIFICE  DURING  C  O  U  N  TE  R  R  E  C  O  I  L 

Cr 

t  =  TOTAL  FRICTIONAL  RESISTANCE  OF  PACKINGS 
P 

xr  =  COUNTERRECOIL  STROKE  AT  ANY  TIME  t. 

Figure  27.  Counterrecoil  Force  Chart 
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FLOATING  PISTON  RECUPERATOR  CHECK  VALVE  CONTROL  ROD 


COUNTERRECOIL  PISTON  —  COUNTE  RR  ECOI L  CYLINDER 

Figure  28.  Functioning  Components  During  Counterrecoil 


usually  will  be  excessive.  For  rapid-fire  guns,  more 
freedom  of  flow  is  required  and  other  flow  channels 

must  be  provided.  However  when  low  counter¬ 
recoil  velocities  are  specified,  additional  restrictions 

are  necessary.  The  calculation  procedures  for 
this  last  type  are  discussed  in  detail,  although  the 
computations  are  essentially  the  same  for  all  ty  pes. 

134.  The  counterrecoil  force  is  provided  by  the 
recuperator  and  is  obtained  from  a  chart  similar  to 
Figure  27.  Before  it  accelerates  the  counter- 
recoiling  mass,  it  loses  some  of  its  potential  in  fric¬ 
tional  resistance  of  slides  and  packings.  The  pack¬ 
ing  losses  are  found,  according  to  the  method  in 
Paragraph  90,  for  the  in-battery  position  and  the 
positionjust  before  counterrecoil  begins.  The  mean 
of  the  two  results  is  assumed,  without  serious 
error,  to  act  over  the  total  stroke,  thus: 


fr 

—  ttfpi  +  fpo)> 

(53) 

fc 

=  Wpi+O- 

(53a) 

Then: 

Ffc 

=  p  wr  cos  e, 

(54) 

where:  Ffc  =  frictional  resistance  of  slides  during 
counterrecoil, 

fc  =  the  frictional  force  of  packings  of 
the  recoil  brake  and  the  counter¬ 
recoil  cylinder, 

fpi  =  the  in-battery  packing  frictional 
force  of  recuperator, 

=  the  out-of-battery  packing  frictional 
force  of  recuperator, 

f'pi  =  the  total  in-battery  packing  fric¬ 
tional  force  of  the  recoil  brake  and 
the  counterrecoil  cylinder 


f'po  =  the  total  out-of-battery'  packing  fric¬ 
tional  force  of  the  recoil  brake  and 
the  counterrecoil  cylinder, 
fr  =  frictional  force  of  packings  in  re¬ 
cuperator. 

135.  The  counterrecoil  force  is  further  reduced 
by  the  restriction  of  flow  through  the  orifice  de¬ 
termined  for  recoil  regulation.  If  a  further  re¬ 
duction  is  necessary  to  maintain  low  counterrecoil 
velocities,  the  hydraulic  fluid  is  directed  through  an¬ 
other  orifice  before  it  reaches  the  counterrecoil 
cylinder.  Figure  28  is  a  schematic  drawing  of  the 
functioning  components  during  counterrecoil. 

where  : 

A  =  area  of  counterrecoil  piston, 

A,  =  area  of  control  rod, 

Ar  =  area  of  floating  piston, 

a,  =  area  of  orifice  for  counterrecoil, 

a,  =  area  of  orifice  for  recoil, 

P  =  oil  pressure  in  recoil  brake  cylinder  after 
throttling  through  a,, 

PQc  =  oil  pressure  before  throttling  through  a, 
Pao  =  oil  pressure  before  throttling  through  a„ 

P ,  =  recuperator  gas  pressure, 
p  =  mass  density  of  hydraulic  fluid, 

C,.  =  orifice  coefficient  of  a,, 

Ca  =  orifice  coefficient  of  a,. 

During  counterrecoil  there  are  two  pressure  drops, 
one  at  a,. 


AP  =  P„c  -  P, 

(55) 

and  the  other  at  a„ 

A  Pa  =  Pao  -  P»c. 

(55a) 
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From  hydraulics,  the  fkw rate  through  a,  is: 


where:  vR  =  velocity  ^  piston  and  the  rate 

of  flow  ir'‘~  counterrecoil  cylinder  is : 


O.-Q0.J?. 

(rr 

likewise,  at  aQ, 

(56a) 

Solving  for  AP  and  Pa  ■ 

AP  - 

2C2  af 

(57) 

AP  -  (^oP  - 
*  2C2  a*’ 

(57a) 

but  Q0  =  Qa  so 

> 

11 

•V 

(57b) 

From  Figure  28,  it  is  observed  that: 

Pa0  =  P  +AP+APa ; 

(58) 

substituting  for  A P  and  P„  we  have: 

+  QIp  +  <£p 
r  2  Clal  2Cl<f; 

(58a) 

Since  the  forces  on  the  floating  piston  must  bal¬ 
ance, 

Fr  =  Pa„  (Ar  -  Ac)  +  PAC  +fn  (59) 
where:  FR  =  the  recuperator  force. 


Substitute  for  PUg  of  Equation  (58a)  into  Equation 
(59)  and  collect  terms  so  that: 


Fr  =  PAr  +  (Ar 


~  ^  (if 


<l  .3 

1C. 


(59a) 


The  force  on  the  counterrecoil  piston  is: 


Fp  =  PA. 


(60) 


Fp  can  be  determined  from  Equation  (59a)  by 
substituting  the  expression  for  P  obtained  from 
Equation  (60)  and  solving  for  Fp : 


Fp  =  Fr 


Ar 


L*..tA  ( 
Ar  V 


2  Cl  a2  1C 


fr- 


!L?\ 

:2  a2) 

O  O' 

(60a) 


136.  The  flow  rate  through  the  counterrecoil 
orifice,  Qc ,  may  also  be  w  ritten  in  terms  of  velocity 
and  area: 


Q  =  Avr  =  Arvr,  (60c) 

where:  vr  =  the  counterrecoil  velocity; 
solving  for  vR, 

vR  =  (60d) 

Sir 

Therefore, 

Qc  =  Av,  (60e) 

Now  substitute  the  expression  for  Qc  from  Equa¬ 
tion  (60e)  into  Equation  (60a) : 


By  subtracting  the  frictional  resistance  of  Equa¬ 
tions  (53a)  and  (54),  the  net  accelerating  force  is: 

For  =  Fp  —  fc  —  Ffc.  (61) 

For  convenience,  simpler  terms  are  provided  for 
the  expressions  in  Equation  (60f).  Thus,  the 
resistance  provided  by  the  counterrecoil  orifice  is: 


and  the  resistance  supplied  by  the  recoil  orifice  is: 


fer 


P 

2  C20 


(-fr1) 


iAi 


(61b) 


Equation  (37)  has  the  solution  for  a,.  Substituting 
it  in  Equation  (61b)  yields  : 


/-(?)’*  <6lc> 

The  values  for  v  and  Fa  are  available  from  the  re¬ 
coil  calculations.  The  available  static  force  on  the 
counterrecoil  piston  transposed  from  the  force 
due  to  the  recuperator  gas  pressure  on  the  floating 
piston  is: 


Fr  = 


(61  d) 


Qc  ~  (Ar  —  Ac)Vr, 


(60b) 
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and  similarly,  by  transposing  the  frictional  re¬ 
sistance  of  the  recuperator  floating  piston  packing 
to  the  counterrecoil  piston  and  adding  it  to  the 


total  of  the  recoil  brake  and  counterrecoil  cylinder, 
the  total  frictional  resistance  of  the  packings  is: 


fp  -  ~jL  +  fc-  (6  ie) 

The  simplified  equation  for  the  net  accelerating 
force  is  obtained  by  subtracting  frictional  and 
hydraulic  resistances  from  the  available  static  force 
on  the  counterrecoil  piston: 


Fcr  —  Fr  ~  if p  +fcr  +  Fbc  +  Ffc).  (61  f) 

If  Fac  =  Fr  —  fp  —  Fjc  is  the  available  counter¬ 
recoil  force  before  throttling,  then, 


F cr  =  Fac  -  fcr  -  Fbc.  (62) 


Note  that  when  the  fluid  flow  is  restrained  to  limit 
the  counterrecoil  velocity,  Fcr  should  theoretically 
become  zero  when  this  limit  is  reached.  Actually, 
for  a  constant  orifice,  the  limit  may  be  exceeded 
during  the  early  part  of  the  stroke.  Then,  in  order 
that  the  velocity  not  exceed  the  limit  when  buffing 
starts,  Fcr  becomes  negative  over  a  portion  of  the 
stroke.  This  is  demonstrated  in  the  example  prob¬ 
lem  (see  Tables  5  and  6). 

137.  The  counterrecoil  calculations  follow  a 
step-by-step  integration  procedure  and  each  step 
involves  trial  and  error  computations.  The 
critical  but  unknown  factor  is  the  size  of  the 
constant  orifice  required  (similar  to  the  one  shown 
in  Fig.  20)  to  control  the  countcrrccoil  velocity. 
As  a  first  approximation  of  an  orifice  of  reasonable 
area,  assume  that  it  is  10  percent  of  the  maximum 
orifice  area  used  during  recoil.  If,  in  the  process  of 
making  the  counterrecoil  calculations,  it  appears 
that  the  velocity  will  be  too  high,  the  area  must  be 
reduced;  if  too  low,  it  must  be  increased.  After 
the  orifice  area  has  been  selected,  the  counterrecoil 
calculations  are  made.  The  values  of  fp  and  Ffc 
are  determined  from  Equations  (61c)  and  (54)  and 
are  assumed  constant.  The  values  of  Fbc  and  f„ 
are  calculated  from  Equations  (61a)  and  (61c). 
The  value  of  Fr  is  read  from  the  curve  in  Figure  27. 
Select  what  appear  to  be  reasonable  values  of  Avr 
and  Ax„  the  changes  in  counterrecoil  velocity  and 
distance,  respectively.  Obtain  Fr  from  the  curve, 
half  way  along  xr  at  (x,  f  iAxr).  Because  vr  is 
not  constant,  the  following  procedure  is  not  exact 
but,  if  Axr  is  short  enough,  the  approximations  will 
be  sufficiently  close  to  be  acceptable. 


^  Axr9 
+  Avr. 


Find  the  values  of  v  and  Fa  corresponding  to  the 
distance  x,  in  the  recoil  calculations  and  obtain 
as  the  average  value  over  the  increment: 


Similarly,  from  Equation  (61a),  F^  is  calculated  as 
the  average  value  over  the  increment : 


di K-.  +  «£). 


(64b) 


and  find  FrJ.  from  Equation  (6 If)  or  (62).  The 
counterrecoil  acceleration  is  then  found : 


=  Mr  ^ 

and  the  velocity7  checked  from  the  equation: 

v2,  =  +  2arAxr.  (66) 

If  the  calculated  velocity  in  the  last  equation  does 
not  equal  the  selected  value  at  the  beginning,  then 
the  selected  value  must  be  revised  and  the  calcula¬ 
tions  repeated.  After  the  two  values  agree,  the 
time  is  calculated : 


and:  t  =/„_,+  At.  (68) 

138.  The  buffer,  at  the  end  of  the  stroke,  has  two 
force  components.  One  is  the  decelerating  force 
required  to  stop  the  counterrccoiling  parts.  The 
other  is  the  net  recuperator  force  determined  by 
Equation  (62). 

If  a  buffer  is  selected  with  a  constant  orifice,  the 
calculations  continue  as  for  counterrecoil  with  the 
addition  of  another  factor,  Fb,  the  total  buffing 
force.  The  buffer  net  decelerating  force  is: 


1 

c 

II 

(69) 

and : 

r,  P  Al 

r  l  =  — - - d2- 

b  2 

(69a) 

where:  Ab  =  area  of  buffer  cylinder, 
a0/>  =  buffer  orifice  area, 

C„  =  orifice  coefficient, 
p  =  mass  density'  of  buffer  fluid, 
vb  =  velocity  of  counterrecoil  during 
buffing. 

The  acceleration  during  buffing  is: 


Then : 
and 


Vr  =  Vr„_, 


(63) 

(64) 
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(69b) 


and  the  velocity  of  counterrecoil  during  buffing 
becomes : 

v\  =  +  2ab  Axb.  (69c) 

If  the  orifice  is  variable,  constant  deceleration  pro¬ 
vides  a  constant  F'b.  Thus  solving  Equation  (69) 
for  Fb,  the  total  buffer  force  becomes: 

Fb  =  Fcr  -  F'h.  (70) 

Considering  constant  deceleration,  the  buffer 
velocity  can  be  found  from: 

®6  =  Kb  +  2  ab  xb,  (70a) 

where:  ab  =  buffer  acceleration, 

vrb  =  eounterrecoil  velocity  at  buffer 
contact, 

xb  =  buffer  travel  at  any  time,  t. 

When  xb  =  Sb,  the  total  buffer  stroke,  vb  =  0. 
and 

ob  -(-)§,  (?0b) 

the  net  decelerating  force  becomes: 

F'b  =  Mrab.  (70c) 

All  the  factors  are  now  known  and  the  orifice  area 

can  be  calculated  for  the  total  buffer  stroke: 

I  °A\ 

a..  =  \2fiV-  t7!l 


X.  DESIGN  OF  CONCENTRIC  RECOIL 
MECHANISMS* 

A.  INTRODUCTION 

139.  The  concentric  recoil  mechanism  is  similar 
in  principle  to  other  types,  having  a  hydraulic 
brake  and  a  mechanical  spring  recuperator.  How¬ 
ever  it  is  frequently  mounted  on  tanks  whose  re¬ 
quirements  differ  sharply  from  those  of  field 
artillery.  Recoil  and  counterrecoil  forces  can  be 
set  high  because  of  the  rigidity  of  the  carriage. 
Actually  they  have  to  be  high  because  of  the  limited 
travel  imposed  by  the  turret.  This  is  one  example 
which  illustrates  that  under  most  conditions  the 
design  requirements  of  the  tank  take  precedence 
over  the  recoil  mechanism  although  it  is  always 

*  The  material  on  Concentric  Recoil  Mechanisms  was 
provided  by  OrdnanceTank-Automotivc  Command,  Detroit, 
Mich. 


attempted  to  design  the  latter  to  the  usual  lngh 
standards  of  precision. 

B.  TYPES  OF  CONCENTRIC  RECOIL  MECHANISM 

140.  There  are  three  types  of  concentric  recoil 
mechanism.  All  have  the  same  basic  hydraulic 
system,  concentric  with  the  gun  tube  but  differ  in 
spring  arrangements.  The  first  has  one  spring,  con¬ 
centric  w  ith  the  tube  (Fig.  29).  When  the  diameter 
of  the  gun  is  large,  it  is  impractical  to  use  a  con¬ 
centric  spring.  More  space  is  required  to  house  it 
and  the  spring  itself  is  difficult  to  manufacture  to  the 
prescribed  specifications.  Then,  the  second  type, 
a  multicylinder  recoil  mechanism,  is  used  (Fig.  30). 
Usually,  four  smaller  spring  assemblies,  each  con¬ 
sisting  of  two  springs  concentric  with  each  other, 
are  located  90"  apart  around  the  periphery  of  the 
system.  This  permits  flattening  the  cylinder 
housing  between  springs,  thus  conserving  space. 
The  third  or  separate  type  has  the  counterrecoil 
mechanism  completely  divorced  from  the  recoil 
brake  (Fig.  3 1).  It  may  be  used  if  space  is  available 
for  the  spring  assembly  because  it  has  two  distinct 
advantages.  The  spring  design  is  not  dependent 
upon  the  dimensions  of  the  recoil  brake  mech¬ 
anism  and  there  is  freedom  in  handling  the  com¬ 
plete  arrangement  without  disturbing  the  recoil 
brake. 

C.  RECOIL  CALCULATIONS,  CONCENTRIC  TYPES 

141.  Recoil  calculations  are  made  either  graph¬ 
ically  or  analytically.  The  graphical  method  is  dis¬ 
cussed  for  the  concentric  system.  First  an  interior 
ballistics  curve  of  pressure  vs.  time  is  obtained  from 
the  proper  source.  From  this  information,  the 
propellant  gas  force  is  computed,  added  to  the 
weight  component  of  the  recoiling  parts  and  plotted 
against  time  on  large  scale  paper  (Fig.  32).  Simply 
by  adjusting  the  scale  by  a  factor,  1/M  (from 
F  =  Ma,  where  M  is  the  mass  of  the  recoiling 
parts),  the  same  curve  becomes  the  acceleration¬ 
time  curve.  The  retardation  of  the  recoil  mechan¬ 
ism  is  plotted  as  a  deceleration  vs.  time  curve  and 
the  resultant  of  the  two  becomes  the  net  effective 
acceleration  curve.  From  the  beginning  of  recoil, 
the  retarding  force  is  made  to  vary  linearly  with 
respect  to  time  from  zero  to  a  maximum  at  the 
time  of  maximum  propellant  gas  pressure,  where  it 
becomes  constant.  This  is  an  arbitrary  practice  and 
is  not  inviolable,  but  any  deviation  from  it  should 
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Figure  30.  Concentric  Recoil  Mechanism  (Multiple  Cylinder  Type) 


not  disturb  proper  recoil  motion  (see  Paragraph 
117). 

142.  For  the  first  trial,  the  retarding  force  may 
be  obtained  from  Equation  (3b).  After  the  net 
acceleration  curve  is  plotted,  it  is  integrated  by 
planimeter,  by  counting  blocks,  or  other  suitable 
means  to  obtain  the  velocity-time  curve  (Fig.  33). 
Integrating  the  velocity-time  curve  yields  velocity 
vs.  distance  which  is  plotted  (Fig.  34).  If  the  cal¬ 


culated  distance  differs  from  the  specified  recoil 
distance,  the  retarding  force  is  adjusted  and  the 
process  repeated.  After  some  proficiency  has  been 
acquired,  more  than  two  trials  are  seldom  neces¬ 
sary'. 

D.  ORIFICE  DESIGN,  CONCENTRIC  TYPES 

143.  The  orifice  area  is  determined  by  the 
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Figure  37.  Concentric  Recoil  Mechanism  with  Separate  Counterrecoil  Assembly 


method  described  in  Paragraph  121  and  based  on 
a  sharp-edged  orifice  with  a  discharge  coefficient  of 
0.60.  To  assure  the  sharpedge  effect,  the  lip  <±  the 
piston  adjacent  to  the  orifice  should  not  exceed 
1/16-inch  in  width.  The  orifice  area  may  be  reg¬ 
ulated  by  vary  ing  the  inside  diameter  of  the  cylin¬ 
der  or  by  cutting  grooves  of  vary  ing  width  or 
depth  in  the  inner  wall.  Care  must  be  taken  with 
the  former  method  as  accumulated  tolerances  on 
piston  and  cylinder  diameters  may  result  in  annular 
areas  which  are  much  too  large.  Hy  draulic  sy  stems 
now  in  use  operate  at  pressures  from  1000  to  5000 
psi,  depending  on  individual  requirements.  O-rings 
or  T-rings  are  used  for  seals.  In  most  cases, 
spring  resistance  is  small  and  is  not  considered 
in  computing  recoil  distance.  However,  this  is  a 
matter  of  judgment  and  it  may  sometimes  be  ad¬ 


visable  to  include  the  spring  force,  in  which  instance 
the  hydraulic  resistance  will  be  reduced  accordingly. 

E.  SPRING  DESIGN,  CONCENTRIC  TYPES 

144.  Springs  are  designed  by  conventional 
formulas  and  are  stressed  to  the  elastic  limit. 
Dynamic  stresses  are  not  considered  because  a  life 
of  100,000  cycles  is  satisfactory'  and,  in  practice, 
springs  so  designed  usually  exceed  this  number. 
Buckling  of  springs  must  be  prevented,  either  in¬ 
herently  in  the  design  of  the  spring  itself  or  by  pro¬ 
viding  guides  to  insure  lateral  stability.  Some¬ 
times  as  many  as  15  or  20  springs,  with  variations 
in  wire  diameter,  coil  size,  and  number  of  coils, 
may  be  investigated  before  one  is  selected.  Each 
end  should  be  provided  with  an  inactive  three- 
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Figure  34.  Velocity-Distance  Curve  of  Recoil 


quarter  coil.  The  spring  is  never  permitted  to 
reach  solid  height  at  maximum  recoil,  but  should 
have  approximately  i-inch  between  coils  so  that 
hydraulic  fluid  may  flow  freely  between  them. 
Special,  noncommercial  manufacturing  and  in¬ 
spection  procedures  arc  used.  Tolerances  arc  se¬ 
vere.  Ground  stock  is  always  used,  generally 
heat-treated  and  shot  peened. 

145.  If  guns  are  to  be  fired  at  high  angles  of  ele¬ 
vation,  up  to  or  approaching  90°,  the  installed,  or 
in-battery,  spring-load  should  be  130  percent  of 
the  weight  of  recoiling  parts.  Where  high  eleva¬ 
tions  are  not  required,  as  in  tank  guns,  this  figure 
should  be  100  percent,  if  possible.  Sometimes, 
particularly  in  tanks,  space  limitations  may  dictate 
still  lower  loads,  down  o  the  equivalent  of  45" 
elevation  ( see  Paragraph  39). 

XI.  DESIGN  OF  DOUH  .E  RECOIL  SYSTEMS* 

A.  INTRODUCTION 

146.  A  double  recoil  gun  has  two  separate  recoil 

*  The  theoretical  approach  is  based  on  original  work 
done  by  Or.  Kupcn  F  ksergian  of  ”1  he  Franklin  Institute. 


systems,  one  designated  the  primary  and  the  other 
the  secondary  recoil  system  (see  Fig.  35).  There 
are  certain  advantages  to  this  type  of  gun  over  one 
with  a  single  recoil  system,  particularly  in  large 
calibers  where  a  long  recoil  is  required.  For  a 
limited  space,  a  larger  recoil  distance  results  thus 
reducing  the  horizontal  ground  reaction  as  well  as 
providing  greater  stability  of  carriage  in  or  out  of 
battery  .  It  also  permits  a  lower  silhouette  and 
shorter  guides  or  rails. 

147.  The  primary  recoiling  parts  consist  of  gun 
tube,  breech,  either  guides  or  sleigh,  and  certain 
parts  of  the  primary  recoil  mechanism  that  are  not 
fixed  to  the  secondary  system.  It  recoils  on  the 
guides  in  the  cradle  of  the  top  carriage  and  is  in¬ 
cluded  among  the  elevating  parts.  The  secondary 
recoiling  parts  consist  of  top  carriage,  cradle,  part  of 
the  primary  recoil  mechanism  that  does  not  recoil 
with  the  primary  ,  and  that  part  of  the  secondary 
recoil  mechanism  which  is  not  fixed  to  the  bottom 
carriage;  in  fact,  everything  that  recoils  upon  the 
bottom  carriage,  exclusive  of  the  primary  recoiling 
system.  The  secondary'  guides  on  the  bottom 
carriage  are  fixed  in  a  horizontal  position.  A  turn¬ 
table  beneath,  and  connected  to  the  bottom  car¬ 
riage,  allows  for  traverse  of  the  equipment. 


4b 


PRIMARY  RECOIL  MECHANISM 


B.  RECOIL  FORCES 

148.  In  a  gun  with  a  double  recoil  system,  there 
are  two  recoil  forces,  one  between  primary  and 
secondary  recoiling  parts,  known  as  the  primary 
recoil  force,  and  one  between  secondary  recoiling 
parts  and  bottom  carriage,  known  as  the  secondary 
recoil  force.  The  primary'  recoil  force,  denoted  by 
IC,  consists  of  three  components:  the  hydraulic 
resistance  to  recoil  in  the  recoil  cylinder,  which  is 
the  principal  resistance  to  recoil;  the  force  due 
to  pressure  in  the  recuperator  cylinder;  and  the 
force  due  to  friction  on  the  primary  guides.  The 
secondary'  recoil  force,  denoted  by  R,  also  consists 
of  a  hydraulic  force,  a  recuperator  force,  and  a 
friction  force. 


C.  PROCEDURE  FOR  DYNAMIC  ANALYSIS 

149.  The  final  calculations  for  the  recoil  action  of 
a  double  recoil  system  are  long  and  laborious.  In 
order  to  reduce  the  work  to  a  minimum,  several 
preliminary  solutions  are  initially  made.  These  us¬ 
ually  enable  the  final  step-by-step  integration  of  the 
equations  of  motions  of  primary  and  secondary'  re¬ 
coiling  masses  to  be  performed  but  once  or  twice, 
effecting  a  considerable  saving  in  time  and  labor. 
The  complete  procedure  is  summarized  below  fol¬ 
lowed  by  a  detailed  description  of  each  step. 

Step  1.  Assume  a  primary'  and  secondary'  recoil 
distance. 

Step  2.  Find  the  preliminary'  primary'  and  sec¬ 
ondary  recoil  forces  using  the  assumed  primary 
and  secondary  recoil  distance. 

Step  3.  Determine  accurately  by  trial  and  error 


the  primary'  and  secondary  recoil  forces  while  as¬ 
suming  that  the  forces  are  constant  throughout  the 
length  of  recoil. 

Step  4.  Determine  the  components  of  the  pri¬ 
mary'  and  secondary  recoil  forces  in  order  to 
design  the  various  parts  of  the  recoiling  systems. 

Step  5.  Determine  the  variation  of  the  relative 
velocity  of  the  primary'  recoiling  mass  with  the 
relative  primary  recoil  distance  and  of  the  velocity 
of  the  secondary  recoiling  mass  with  the  secondary 
recoil  distance. 

Step  6.  Determine  the  primary'  and  secondary 
forces  in  the  recoil  cylinders  by  a  step-by-step 
integration  of  the  equations  of  motion  of  the 
primary'  and  secondary  recoiling  masses. 

Step  7.  Investigate  counterrecoil. 

I.  Nomenclature 

The  follow  ing  nomenclature  applies  to  the  double 
recoil  calculations : 

Fg  =  propellant  gas  pressure  force 
g  =  acceleration  of  gravity 
K  =  primary  recoil  force 

L]  =  primary  recoiling  distance  relative  to  the 
secondary  mass 

L2  =  secondary  recoil  distance 
Lm  =  total  horizontal  movement  of  center  of 
gravity  of  m  during  recoil 
m\  =  primary  recoiling  mass 
m2  =  secondary  recoiling  mass 
m  =  mx  +  m2  =  total  recoiling  mass 

=  normal  reaction  of  primary'  recoiling  parts 
N2  =  normal  reaction  of  secondary'  recoiling  parts 
R  =  secondary  recoil  force 
.v  =  displacement  of  center  of  gravity  of  m  during 
recoil 
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At  =  increment  of  time 

c,  =  velocity  of  primary  recoiling  mass,  absolute 
t>2  =  velocity  of  secondary  recoiling  mass 
V2i  =  initial  velocity  of  secondary  recoiling  mass 
vf  =  initial  velocity  of  primary  mass  (velocity  of 
free  recoil) 

vm  =  horizontal  velocity  of  center  of  gravity  of  m 
vmi  =  initial  horizontal  velocity  of  center  of  gravity 
of  m 

o,  =  velocity^  of  primary  recoiling  mass  relative  to 
the  secondary  mass 

vri  =  initial  velocity  of  primary'  mass  relative  to 
secondary'  mass 
W i  =  weight  of  primary  mass 
W 2  =  weight  of  secondary  mass 
xr  =  primary  stroke  relative  to  secondary  stroke 
6  =  angle  of  elevation  of  gun  measured  from  the 

horizontal. 

2.  Detailed  Discussion 

150.  (Step  I )  Recoil  Distances .  *  A  primary'  and 
secondary'  recoil  distance  must  be  selected  first. 
This  selection  is  based  upon  size  of  equipment, 
space  available  for  the  recoil  mechanisms,  high  or 
low'  silhouette,  and  other  ordnance  considerations. 
Once  the  recoil  distances  have  been  established,  the 
problem  resolves  itself  into  making  a  design  to 
meet  these  requirements.  Full  advantage  should 
be  taken  of  these  recoil  distances,  for  greater 
distances  mean  lower  recoil  forces  and  lighter 
equipment. 

151.  (Step  2)  Preliminary  Recoil  Forces.  With 
the  primary  and  seccndary  recoil  distance  de¬ 
termined,  preliminary  primary'  and  secondary'  re¬ 
coil  forces  may  be  found  from  the  expressions  de¬ 
rived  below.  The  formulas  for  the  primary  recoil 
force  K  and  the  secondary'  recoil  force,  R,  are: 

L2  cos2  8 

,  ,  r  ( m\  +  mt\ 

L[  cos  e  +  l2^— y 
+  W\  sin  8;  (72) 

and : 

R  =  - - W^os*)2 - 

The  maximum  velocity  of  free  recoil  is  imparted 
instantaneously  to  the  primary  recoiling  parts,  i.e., 

*Step  numbers  of  sub-headings  in  Paragraphs  150  to  182 
refer  to  steps  summarized  in  Paragraph  149. 
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Figure  36.  Preliminary  Forces  of  a  Double  Recoil 
Sysiem 

the  propellant  gas  forces,  Fg ,  have  dissipated. 
Figure  36  is  a  diagram  of  the  preliminary  forces  of 
a  double  recoil  system.  To  simplify'  the  derivation 
for  the  preliminary'  values  of  the  recoil  forces,  sev¬ 
eral  assumptions  are  made:  (1)  the  primary'  and 
secondary'  recoiling  masses  reach  zero  velocity 
simultaneously,  (2)  when  the  initial  recoil  velocity 
is  imparted  to  the  primary  mass,  the  secondary 
velocity  is  still  zero,  and  (3)  in  the  derivation,  K  and 
R  are  constant. 

Derivation  : 

m  =  m\  "I"  m2.  (74) 

From  conservation  of  momentum: 

mv„,  =  mx  (v,cos  6  v2)  m2v2\  (75) 

the  initial  momentum: 

mvmi  =  m\  (vri  cos  0  "I"  v2i)  m2V2i\  (76) 

but  by  assumption,  v2i  is  zero.  Then, 

mvmi  =  m\Vri  cos  8.  (77) 

Also,  mLm  =  mi  (Li  cos  6  +  L2)  +  m2L2,  (78) 

,  dvm  (  n  dvr  dv2\  ,  dv2 

and:  m  ({(  =  m,  (^cos  0  ^  w )  T  m2 

(79) 

For  the  primary  recoiling  mass,  from  the  law', 
F  =  ma: 

mi  (cos  6dy  +  =  —  K  cos  8  +  Art  sin  6 ; 

(80) 


K  = 


m  1  Vj 
2  Li 
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and  for  the  secondary  recoiling  mass  : 

dv 
dt 


(Iz'i  I 

m2  =  +Kcose  —  A^sintf,  (81) 


where  N i  is  the  normal  reaction  on  the  primary  re¬ 
coiling  parts  and  also  is  the  normal  load  applied 
to  the  secondary  recoiling  parts. 


Now,  adding  Equations  (80)  and  (81): 

(„  dz y  ,  dv2\  ,  dv2 
COS^  +  ^)  +  W2d H 


=  -R; 


(82) 


and  combining  Equations  (79)  and  (82): 

=  -R. 


dv„ 


dvm 

m  —j-  ■■ 

dt 

But: 

dvm 

dv„, 

m 

dt 

]■% 

£ 

II 

therefore, 

dvm 

mV -  IT 

ds 


and: 


r 

Jvmi 


rnvmdvm  = 


—  Rds, 


and: 

from  which: 


—mv2„ 

2 


R  = 


- RL„ 


mv2, 


2  L„ 


Now,  substituting  in  this  equation  the  following 
values  of  m,  vmi,  L„ 


m  =  mx  -f-  m2, 

m\vri  cos  0 
Vmi  ~  ml+m2' 

r  _  m\  (Lx  cos  0  +  L2)  +  m2L2 

‘-‘m  ,  , 

m\  m  2 


(74) 

(77) 

(78) 


there  results  : 


(«!  +  m2) 


R  = 


( m'  v"  cos  *Y 

\  +  m2  ) 


(Ei  cos  0  ■  f-  l_2 )  -f-  m2L2 
mi  +  m2 

i  m\  (vr,  cos  0)2 


m[(L i  cos  0  +  L2)  4-  m2L2 


Substitute  vf  for  vri.  Although  vf  =  vri  the 

expression  is  written  vf  =  vri  because  v2i  is  assumed 
to  be  zero: 


R  = 


\  nij  (vfcos  0) 2_ 
ilCOS#  +  t,(^) 


(73) 


Solving  for  the  primary  recoil  force,  K,  from  the 
law  of  the  conservation  of  energy,  and  assuming 
now  that  K  as  well  as  R  is  constant: 


i  mirf  =  K Lx  R  L2  —  W  XL\  sin0; 

\  nirf  —  R  E2  +  H^Ei  sin  0 


from  which:  K  = 


E, 


Substituting  for  R : 


i  ~ 

i  m\  (vf  cos  9)2  L2 

E|  cos  0  +  E2  (  ) 

Li 

IV i  sin  0 ; 

K  = 


wi  vj  r  ] 

2E, 


_ E2  cos2  6 

L,  cos  6  +  E2  2) 

+  W\  sin  6.  (72) 


152.  (Step  3)  Recoil  Forces,  Constant.  While 
the  primary  and  secondary  recoil  forces  obtained 
in  Paragraph  151  are  preliminary,  they  yield  a  good 
starting  point.  These  values  will  not  give  the 
proper  distances  because  they  are  derived  from  as¬ 
sumptions  which  arc  not  rigorously  applicable. 
It  is  necessary  that  the  forces  be  more  nearly  cor¬ 
rect.  which  is  accomplished  by  a  trial  and  error 
method.  The  approach  is  described  below,  first 
for  the  primary  recoiling  mass  and  then  for  the 
secondary  recoiling  mass.  Both  recoil  mechanisms 
are  designed  for  their  respective  critical  con¬ 
ditions,  maximum  elevation  for  the  primary  and 
zero  elevation  for  the  secondary'. 

153.  Calculations  for  the  primary  recoil  distance 
are  divided  into  two  parts:  (a)  the  distance  traveled 
while  propellant  gas  pressure  is  acting  and  (b)  the 
distance  traveled  after  the  gases  cease  to  act.  In 
both  cases,  the  preliminary  values  for  K  and  R 
found  in  Paragraph  151  are  used.  As  just  men¬ 
tioned.  they  will  not  immediately  yield  the  correct 
recoil  distances  but.  by  adjusting  their  magnitudes 
several  times  and  solving  for  the  distances  in  each 
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case,  the  trend  toward  the  correct  values  can  be 
found  and  proper  values  of  K  and  R  will  soon  be 
determined.  It  is  also  possible  to  adapt  double 
recoil  calculations  to  high  speed  computers.  The 
dynamics  of  the  primary  and  secondary  recoiling 

masses  of  a  gun  with  a  double  recoil  action  are 
presented  in  the  following  derivation. 

154.  Figure  37  shows  the  forces  on  a  double  re¬ 
coil  system.  Also,  refer  to  the  schematic  sketch  in 
Figure  36  and  the  vector  diagram  in  Figure  38. 


Substituting  in  the  equation  F  =  ma,  there  results 
for  the  force  along  the  primary  guides  the  equation, 

(dv,  dv  2  \ 

m'\=ar  +  COS  8)  =  Fg  -  K  +  W1  sin  0;  (83) 

and  for  the  force  perpendicular  to  the  primary 

guides,  the  equation, 

dv  2 

m\  ^-sine  =  Ni  —  iV\cosd.  (84) 


Fq  =  PROPELLANT  GAS  FORCE 

K  =  PRIMARY  RECOIL  FORCE 

R  =  SECONDARY  RECOIL  FORCE 

N,  =  NORMAL  REACTION  OF  PRIMARY  PARTS 

Nz  —  NORMAL  REACTION  OF  SECONDARY  PARTS 

W,  =  WEIGHT  OF  PRIMARY  PARTS 

W2 =  WEIGHT  OF  SECONDARY  PARTS 

m,  (  o  r  +  ozCOS  8  )  =  AXIAL  INERTIA  FORCE  PRIMARY  PARTS 
rrijOj  =  INERTIA  FORCE  SECONDARY  PARTS 
4>  =  TURNING  MOMENT  OF  PRIMARY  PARTS 
4*  =  TURNING  MOMENT  OF  SECONDARY  PARTS 
8  =  ANGLE  OF  ELEVATION 

Figure  37.  Forces  on  a  Double  Recoil  System 
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figure  38.  Acceleration  Diagram  of  a  Double  Recoil 
System 


For  the  secondary  recoiling  mass,  the  equation  of 
force  is: 

dv't 

m2  =  Kcos  0  —  N1  sin0  —  R.  (85) 

Now,  from  Equation  (84) : 

TV)  =  sine  "t"  W\  cose. 

dt 

^b^tuti^g  this  value  of  N\  in  Equation  (85) 

m2  ~cif  =  Kcose  —  nti—:sm2Q 
—  W\  cose  sine  —  R; 


Dividing  by  : 

dvr  _  Fg  —  K  +  W\  sin  0 
dt  ~  mi 

_  K  cos2  8  ~  R  cos  (89) 

155.  (Part  a).  If  an  increment  of  lime  and  the 
corresponding  increment  of  velocity  are  known,  the 

product  of  the  tw  o  will  be  the  increment  of  distance 
traveled  during  that  lime.  Therefore  a  convenient 
increment  of  lime,  At,  is  assumed  and  the  cor¬ 
responding  increment  of  relative  velocity.  Avr,  is  cal¬ 
culated  from  Equation  (89)  I 

(Fg+  R'isinfl  -  K\ 

=  l  ^  -J  At 

_  / K  cos2  e  —  W\  sin  Q  cos2  8  —  R  cos  e  . 

\  m2  f  m,  sin28  /  At.  (90) 

The  increment  of  distance,  Ax,  is  found  by  multi¬ 
plying  the  lime  by  the  corresponding  velocity. 

t  =  2A /, 
vr  =  2Avr, 

Ax,  =  vrAt,  the  increment  of  distance  during  ac¬ 
celeration, 
x,  =  2Ax,. 

These  calculations  may  be  conveniently  tabulated 
as  shown  in  Table  1. 


transposing  : 

(^m2  +  m\  sin2  e)  "  =  K  cos  Q 

—  W\  cose  sine  —  R.  (®6) 

Now,  to  find  the  relative  acceleration  of  the 
primary  recoiling  mass,  from  Equation  (83): 

sin  0  —  m\  cos  0\  (87) 


«t 


$  =  F.  ~  K  +  WX 


from  Equation  (86): 

dv2  K  cos  0  —  W\  cos  6  sin  0  —  R 


(88) 


<±  m2  '  mi  sin2  0 

Then,  substituting  the  value  of  dv2ldt  obtained  in 
Equation  (88)  into  Equation  (87),  there  results: 


-( 


mi  ^  =  Fg  -  K  +  Wx  sin  I 

A~cos2e  —  lEicos2  6sin6  —  cosg 
m2  t"  m i  sin2  0 


TABLE  1 


t 

(zar) 

E. 

v, 

(zav,) 

ax. 

X, 

(sax,) 

156.  (Part  b).  To  calculate  the  distance  traveled 
after  the  propellant  pressure  ceases,  it  is  necessary 
to  find  acceleration  and  time  for  the  remainder  of 
the  primary  recoil  stroke.  With  the  propellant  gas 
force,  equalling  zero.  Equation  (89)  becomes  : 

dv,  W\  sin  6  —  K 

-n  =  ar  = - ~ - 

dt  mi 

_  Kco^e  -Rcose>  (89a) 

and  since  all  terms  are  constants,  a ,  is  also  constant. 
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and  negative,  indicating  a  constant  deceleration. 
The  total  time  of  deceleration  is: 


where  ®,,  is  the  relative  primary  velocity  when  pro¬ 
pellant  pressure  ceases.  The  primary  recoil  stroke 
during  deceleration  is : 

xri  =  fa  t2b.  (91a) 

Therefore,  the  total  relative  primary  recoil  distance 
traveled  during  recoil  will  be  the  sum  of  that 
traveled  cbrwg  the  propellant  pressure  period  and 
that  traveled  after  the  propellant  pressure  period. 

157.  In  order  to  determine  the  secondary  recoil 
distance,  the  calculations  are  divided  into  three 
parts,  (a)  the  distance  traveled  until  the  time  when 
the  relative  primary  velocity,*  vr,  becomes  zero, 
(b)  the  distance  traveled  from  the  time  the  relative 
primary  velocity  becomes  zero  until  it  reaches  a 
predetermined  maximum  counterrecoil  velocity,? 
and  (c)  the  distance  traveled  from  the  time  that 
the  relative  primary'  velocity  attains  the  prede¬ 
termined  counterrecoil  velocity  to  the  time  that  the 
secondary  velocity  becomes  zero.  As  before,  the 
preliminary'  values  for  K  and  R  are  used. 

158.  (Part  a).  Calculate  the  distance  traveled 
x2a  during  the  time,  t,  of  primary'  recoil.  From 
Equation  (88) : 

_  K  cos  0  —  sin  0  cos  0  —  R 
°2a  ~  m2  +  sin2  0 

*2,  =  i  a2jz>  (91b) 

=  a2 J-  (91c) 

159.  (Part  b).  Calculate  the  distance  traveled 
from  the  end  of  primary'  recoil  until  the  primary' 
mass  attains  its  specified  maximum  counterrecoil 
velocity  tyy  From  Equation  (89a),  the  relative 
primary  counterrecoil  acceleration  is : 

W\  sine  —  K\ 

3,  — 

m  t 

K\  cos2  0  —  IF)  sin  e  cos2  e  —  R  cos  e 
m2  "I"  sin2  6 

•  The  velocity  of  the  primary  recoiling  mass  relative  to 
the  secondary  recoiling  mass  is  referred  to  as  the  relative 
primary  velocity,  for  brevity.  Similarly,  the  velocity  of  the 
secondary  recoiling  mass  is  referred  to  as  the  secondary 
velocity. 

t  This  assumes  that  there  will  be  a  buffing  device  provided 
to  curtail  the  counterrecoil  motion. 


In  this  case,  K\  is  the  primary'  counterrecoil  force 
of  the  recuperator  less  friction  forces.  The  time 
required  for  the  primary  mass  to  reach  the  specified 
velocity  is: 


tn 


(9  Id) 


And  from  Equation  (88),  the  acceleration  of  the 
secondary  recoiling  mass  is: 

_  Ki  cos  Q  —  sin  e  cos  Q  —  R 
026  m2  *rn\  sin2  0 


The  distance  traveled  by  the  secondary  mass  is: 

*24  =  +  i  ay*  (91e) 

160.  (Part  c).  Calculate  the  distance  traveled 
from  the  time  of  maximum  primary  counterrecoil 
velocity ,  v  ,  to  the  time  that  the  secondary  velocity 
becomes  zero.  The  secondary  velocity  at  the  end  of 
t  becomes: 

V2b  =  »2,  +  a2btn.  (9  IQ 

From  Equation  (88)  the  secondary  acceleration 
becomes : 


K  cos  0  —  W\  sin  0  cos  6  —  R . 
a2c  =  m2  ■  nq  sin2  Q  , 

the  time  is: 


{2c 


vJt- 


and  the  distance  is: 

*2c  =  +  i  a2j\c- 


(9lR) 

(91h) 


The  total  secondary'  recoil  distance  is  the  sum  of  the 
above  three  distances.  Thus  : 

x2  ~  X2v  “f  x2b  +  x2c-  (92) 

161.  (Step  4)  Components  of  the  Recoil  Forces. 
The  foregoing  calculations  provide  for  the  de¬ 
termination  of  the  total  primary  and  secondary'  re¬ 
coil  forces  for  the  given  recoil  distance.  However, 
in  order  to  design  the  recoil  and  counterrecoil 
mechanisms  and  the  recuperators,  it  is  necessary  to 
know  the  values  of  the  components  of  the  total 
recoil  forces;  i.e.,  how  much  resistance  to  recoil  the 
recoil  cylinder  offers,  how  much  the  recuperator 
offers,  and  how  much  friction  offers.  Stated  in 
equation  form,  the  primary'  recoil  force  is: 

K  =  Kh>  +  Ka  +  Kf,  (93) 

and  the  secondary'  recoil  force  is 
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R  =  R„,  +  Ra- f  Rf,  (94) 

where : 

Kks  =  hydraulic  resistance  in  primary  system. 

Ka  =  recuperator  resistance  in  primary  system. 
Kf  =  friction  resistance  in  primary  system. 

Rh>  =  hydraulic  resistance  in  secondary  system, 
Ra  =  recuperator  resistance  in  secondary  system. 
Rf  =  frictional  resistance  in  secondary  system. 

Now  K  and  R  have  been  calculated  and  the  Ka  and 
Ra  forces  throughout  the  length  of  recoil  may  be 
calculated  from  the  formula  for  polytropic  com¬ 
pression  : 

w  =  p*v:-, 

but: 

Vx  =  V0  -  Ax, 

p'  *  e{v^~Ai)-  <«> 

and  the  recuperator  resistance  at  any  recoil  distance 
is : 

Ka  x  =  PA, 

where:  A  =  effective  recoil  piston  area, 

n  =  polytropic  exponent, 

P0  =  recuperator  gas  pressure  in  battery', 
Px  =  recuperator  gas  pressure  at  x, 

Vo  =  gas  volume  in  recuperator  in  battery, 
Vx  =  gas  volume  in  recuperator  at  x, 
v  =  any  recoil  distance. 

162.  The  recuperator  gas  pressure  for  the  pri¬ 
mary'  system  is  found  in  the  same  way  as  for 
single  recoil  systems.  Rewrite  Equation  (4)  to 
associate  it  with  a  double  recoil  system. 

Kai  =  Xi  (W7j  sinO  "I"  cos  6  +  fp).  (96) 

Refer  to  Chapter  VIII,  Part  G  for  the  discussion  on 
the  method  for  determining  the  primary'  recuperator 
characteristics.  The  characteristics  of  the  sec¬ 
ondary  recuperator  can  be  determined  in  the  same 
way  except  for  the  initial  force  in  battery  which  is: 

Ra2  =  \2(H\  +  W2),  (97) 

where,  based  on  previous  experience,  \2  =  0.25. 

163.  The  frictional  forces  resisting  both  primary' 
and  secondary  recoil  are  determined  fro  nr  the  forces 
normal  to  the  guides.  In  the  case  of  the  secondary 
guides,  the  total  frictional  force  is  readily  de¬ 
termined  because  these  guides  are  always  hori¬ 
zontal,  and  the  sum  of  normal  forces  is  the  static 


w  eight  of  the  mass  resting  on  them  plus  the  vertreal 
component  of  the  K  force.  But  for  the  primary 
guides,  the  normal  forces  are  influenced  by  several 
contributing  factors,  all  of  which  are  not  so  simply 
evaluated.  One  is  the  normal  component  of  the 
static  weight  of  the  primary  rec'orling  mass;  another 
is  the  dynamic  forces  due  to  the  accelerations  of  the 
primary'  and  secondary  recoiling  masses;  and  a 
third  factor  which  develops  because  the  accel¬ 
erating  forces  are  located  so  that  they  produce  a 
moment  about  the  cradle  guides  or  bearings  and 
thus  may  increase  the  normal  reactions.  Figure  39 
shows  these  forces  and  reactions.  Pamphlet  No. 
ORDP  20-341  on  Cradles  discusses  in  detail  how 
the  reactions  are  obtained.  If  R\  and  R2  act  in  the 
same  direction,  their  sum  equals  the  sum  of  the 
forces  parallel  to  them.  However,  if  R{  and  R2 
are  opposite  in  direction,  their  arithmetical  sum  is 
greater  than  the  sum  of  the  normal  components  of 
the  forces,  thus  increasing  the  frictional  forces. 

164.  There  will  always  be  a  normal  component 
of  the  static  weight  of  the  primary  recoiling  parts 
which  will  produce  friction  on  the  guides.  The 
dynamic  force  on  the  primary'  guides  resulting  from 
the  acceleration  of  secondary'  recoil  varies  with  the 
angle  of  elevation  simply  because,  at  high  angles  of 
elevation,  the  normal  component  of  the  dynamic 
force  due  to  secondary'  acceleration  is  a  larger  part 
of  the  total.  Experience  has  shown  that,  at  high 
angles  of  elevation,  the  secondary'  accelerations 
may  be  as  large  as  those  at  low  angles,  but  occur 
for  a  much  shorter  time  interv  al. 

165.  Theoretically  this  dynamic  force  should  be 
considered  when  designing  the  primary'  recoil 
cylinder  but,  from  a  practical  viewpoint,  it  is  better 
to  omit  it.  If  it  were  included,  the  design  hydraulic 
brake  force  would  become  smaller  because  a 
greater  proportion  of  the  total  retarding  force 
would  be  composed  of  friction.  Then,  if  the  recoil 
cylinder  were  designed  to  this  reduced  hydraulic 
force  and  the  frictional  force  failed  to  be  realized, 
there  would  be  insufficient  hydraulic  recoil  re¬ 
sistance  over  most  of  the  stroke.  Recoil  velocity 
would  exceed  specified  limits;  there  would  be  a 
greatly  increased  hydraulic  force  toward  the  end  of 
the  stroke,  and  the  recoil  distance  might  easily 
become  inadequate,  perhaps  to  the  extent  of 
causing  damage. 

166.  On  the  other  hand,  if  the  friction  force  of 
the  dynamic  load  is  excluded  from  the  calculations 
but  does  occur  in  reality,  no  great  harm  is  done.  It 
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F0  =  INERTIA  FORCE  DUE  TO  PRIMARY  ACCELERATION 
Fq  =  PROPELLANT  GAS  FORCE 

F,  =  INERTIA  FORCE  DUE  TO  SECONDARY  ACCELERATION 
f,  =  FRICTIONAL  FORCE  ON  FRONT  CRADLE  BEARING 

f2  =  FRICTIONAL  FORCE  ON  REAR  CRADLE  BEARING 

Kr  =  RECOIL  ROD  FORCE 

R|  --  NORMAL  REACTION  ON  FRONT  CRADLE  BEARING 

R2  =  NORMAL  REACTION  ON  REAR  CRADLE  BEARING 

W,  =  WEIGHT  OF  PRIMARY  RECOILING  PARTS 
Q  =  ANGLE  OF  ELEVATION 

Figure  39.  Applied  Loads  and  Reactions  on  Cradle 


simply  means  a  shorter  recoil  distance,  because  the 
recoil  resistance  is  greater  than  calculated  leading 
to  a  conservative  design. 

167.  Another  source  of  friction  which  may  be 
figured  to  be  very  large  is  the  moment  on  the 
primary  guides  mentioned  in  Paragraph  163  (see  4>  in 
Fig.  37).  In  the  initial  stages  of  design,  however, 
this  moment  cannot  be  accurately  calculated  be¬ 
cause  of  the  vagueness  of  the  weights  and  centers  of 
gravity  of  the  various  parts.  Even  in  final  design  it 


is  difficult  to  determine  closely,  due  to  the  un¬ 
certainty  of  the  friction  coefficient,  which  may  be 
0.1,  0.2,  or  even  0.3.  Not  too  much  dependence, 
then,  should  be  placed  upon  friction  as  a  means  of 
resisting  recoil.  So,  for  these  reasons,  and  because 
neglecting  it  is  conservative,  friction  caused  by  the 
moment  on  the  primary'  guides  is  omitted  from  the 
computations.  For  primary'  recoil  calculations, 
the  only  guide  friction  considered  will  be  that 
caused  bv  the  normal  components  of  static  weight 
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of  the  primary  recoiling  parts.  The  coefficient  of 
friction  will  be  assumed  as  0.15  and  the  resulting 
friction  is  the  A',  force. 

168.  The  friction  of  the  secondary  guides  has 
been  separated  into  two  parts  for  ease  of  computa¬ 
tion.  That  which  is  due  to  the  static  weight  resting 
on  the  guides  is  designated  as  Rh,  and  the  friction 
arising  from  the  vertical  component  of  K,  the 
primary  recoil  force,  is  called  Rf,.  Again  a  co¬ 
efficient  of  friction  of  0.15  is  used. 

169.  Now,  at  any  point  during  recoil,  the  forces 
K,  R,  Ku,  Kf,  Rfl  and  Rfl  are  known  and  therefore 
it  is  possible  to  calculate  Kh  at  any  point.  From 
these  data,  curves  are  drawn  indicating  the  variation 
of  hydraulic,  gas  pressure,  and  friction  forces  with 
recoil  distance  for  the  primary  and  secondary  recoil 
systems. 

170.  ( Step  5 )  Variation  of  Recoil  Velocities  with 
Recoil  Distances.  The  previous  paragraphs  ex¬ 
plain  the  derivation  of  hydraulic  forces  in  the 
recoil  cylinders  for  any  recoil  distance.  In  order 
to  design  the  recoil  cylinders,  it  is  also  necessary  to 
have  the  variation  of  primary  relative  velocity  w  ith 
primary  relative  recoil  distance,  of  secondary  veloc¬ 
ity  with  primary  relative  distance,  and  of  second¬ 
ary'  recoil  velocity  with  secondary'  recoil  distance. 
These  are  calculated  as  follows:  The  variation  of 
velocity  of  the  primary'  recoiling  mass  with  distance 
has  been  calculated  through  the  end  of  the  pro¬ 
pellant  gas  period  (see  Paragraphs  154  and  155). 
After  the  propellant  gases  cease  to  act  and  until  the 
relative  primary'  recoil  velocity  is  zero,  the  follow  ing 
formula  is  used  to  determine  the  primary  velocity  at 
any  distance  of  recoil: 

vs  =  V  v;t  +  2MrXp,  (98) 

where: 

vn  =  the  relative  primary  velocity  at  the  end  of 
the  propellant  period. 

a,  =  the  acceleration;  if  a  deceleration,  the  sign 
before  it  must  be  minus, 

xp  =  any  distance  from  the  position  at  the  end  of 
the  propellant  period  to  the  end  of  recoil. 

171.  For  the  variation  of  velocity  of  the  sec¬ 
ondary  recoiling  mass,  the  calculations  are  divided 
into  three  steps  in  accordance  with  the  three  di¬ 
visions  previously  established  for  the  determination 
of  the  secondary'  recoil  distance  (see  Paragraphs 
158,  159,  and  160).  The  three  steps  are  listed 
below  with  the  formula  to  be  used  for  each. 


a.  During  the  period  of  primary  recoil. 

v2sa  =  (99) 

b.  From  the  instant  that  the  primary  relative 
recoil  velocity  equals  zero  until  the  primary  re¬ 
coiling  mass  is  reaccelerated  to  a  constant  maxi¬ 
mum  velocity  (in  counterrecoil): 


a2bxlb,  (100) 

c.  From  the  instant  that  the  primary'  counter¬ 

recoil  velocity  attains  the  constant  value  until  the 
secondary'  velocity  equals  zero: 

v2,c  =  +  2  fl2c  (101) 

where  in  each  of  the  expressions  the  letters  v^,  a2. 
and  *2  pertain  to  velocity,  acceleration,  and  dis¬ 
tance  of  the  secondary'  recoil.  Due  regard  for  posi¬ 
tive  and  negative  signs  must  be  exercised. 

172.  From  these  data,  curves  are  drawn,  one 
show  ing  the  variation  of  the  relative  primary  recoil 
velocity  with  the  relative  primary  recoil  distance 
and  one  show  ing  the  variation  of  the  secondary  re¬ 
coil  velocity  with  the  secondary'  recoil  distance. 
For  convenience  in  the  design  of  the  recoil  rods, 
these  curves  may  be  drawn  on  the  same  graphs 
which  show  the  variation  of  recoil  forces  with  recoil 
distances  (explained  in  Step  4,  Paragraph  161). 
With  these  sets  of  curv  es,  then,  the  primary'  recoil 
orifice  may  be  determined  by  substituting  the  ap¬ 
propriate  values  in  Equation  (36): 


f  vr  Ip  A  ^ 
0  C0\2Kh' 


002) 


where:  a,  =  orifice  area, 

Ca  =  orifice  constant, 

A  =  effective  piston  head  area  in  the 
recoil  cylinder, 

p  =  mars  density  of  hydraulic  fluid, 

Kh  =  hydraulic  force, 
vr  =  velocity  of  recoil. 

The  orifice  area  for  the  secondary'  recoil  mechanism 
is  calculated  similarly. 

173.  (Step  6)  Recoil  Forces,  Variable.  In  the 
design  of  the  recoil  control  rods,  it  was  first  as¬ 
sumed  that  the  recoil  forces  wkre  constant,  which 
is  not  tme;  in  fact,  it  is  impossible.  Peaks  will 
occur  at  points  along  the  travels  of  both  primary 
and  secondary  recoil  masses,  particularly  near  the 
end  of  the  recoil  stroke.  It  is  now  necessary  to 
ascertain  the  magnitude  of  these  peaks  and  check 
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the  recoil  rods  with  due  consideration  of  the  peak¬ 
ing.  The  primary  constant  recoil  force  was  ob¬ 
tained  for  its  critical  condition,  maximum  gun  ele¬ 
vation.  Then,  using  primary  constant  force,  the 
secondary  constant  recoil  force  is  computed  for  its 
critical  condition,  zero  degrees  gun  elevation.  The 
control  rods  are  tentatively  designed  to  satisfy  these 
conditions.  To  check  both  recoil  rod  designs  for 
excessive  peaking,  the  tw  o  equations  expressing  the 
acceleration  of  primary  and  secondary'  recoiling 
masses  are  used.  From  Equation  (89), 

'^)d, 

_  / K  cos 2  e  —  W\  cos2  8  sin  6  —  R  cos  e\  ^  . 

V  m2  "I"  mi  sin2  e  /  ’ 

(103) 

and  from  Equation  (88), 


These  equations  are  organized  in  tabular  form  in 
Table  2.  Paragraph  174,  and  are  integrated  step- 
by-step.  K  and  R  forces  are  divided  into  their 
respective  components,  as  shown  in  the  table. 
These  two  computations  must  be  made  at  zero 
degrees  and  maximum  gun  elevation.  If,  upon 
completion,  the  calculations  disclose  that  recoil 
force  peaks  too  high  near  the  end  of  recoil,  indi¬ 
cating  the  need  for  more  recoil  distance,  the  recorl 
rod  or  rods  must  be  redesigned.  If  this  be  the 
case,  the  entire  procedure  must  be  repeated  from 
the  beginning.  The  precise  method  for  carrying 
out  the  step-by-step  integration  is  given  below. 
The  table  headings  are  shown  in  Paragraph  174 
and  each  heading  is  explained  in  detail  in  Para¬ 
graph  176. 


174.  The  form  for  stepby-step  integration  of  equations  of  motion  of  double  recoil  action  for  the 
determination  of  recoil  force  is  shown  in  Table  2. 


TABLE  2 


1 

2 

3 

4 

5 

6 

7 

A  t 

At), 

tv 

A*r 

v. 

C;)! 

sec 

in/sec 

in/sec 

in. 

in. 

in/sec  - 

8 

9 

10 

11 

12 

13 

14 

Kh, 

lb 

Rh 

**■©’ 

Ka 

lb 

*r 

lb 

K 

Rh  p  Ra  +  Rf 

f 

lb 

At<2 

in/sec 

'5 

16 

17 

18 

19 

20 

21 

ti2 

in/sec 

A-*2 

in. 

*2 

in. 

v2r 

in/sec 

QJ 

Rh 

lb 

Rh 

22 

23 

24 

25 

26 

27 

28 

Ra 

lb 

*/, 

lb 

Rh 

pK  sin  e 

lb 

R 

Rh  +  Ra 

+  */,  +Rf2 
lb 

*1  fy 

ki  K 

k}  R 
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TABLE  2  (Coni.) 


29 

30 

31 

32 

33 

34 

k* 

At', 

kiK 

k5  R 

*6 

At>2 

kxFg  +  k2K 
+  k}R  +  k* 

ksK  +  ksR  +  k6 

175.  Definitions  of  Symbols  in  Table  2: 

vr  =  relative  velocity  of  primary  recoiling  mass 
with  respect  to  the  secondary  recoiling  mass, 
v2  =  velocity  of  secondary  recoiling  mass, 
x,  =  relative  recoil  distance  of  primary  recoiling 
mass  with  respect  to  the  secondary  recoiling 
mass, 

x2  =  recoil  distance  of  secondary  mass, 
vs  =  recoil  velocity  with  constant  recoil  force, 

Khj  =  hydraulic  force  in  primary  recoil  cylinder 
with  the  recoil  forces  K  and  R  assumed 
constant, 

Kh  =  hydraulic  force  in  primary  recoil  cylinder 
with  the  recoil  forces  K  and  R  variable, 

Ka  =  primary  recuperator  force, 

Kj  =  friction  force  on  primary  guides  from  static 
weight  only, 

Ra  =  secondary  recuperator  force, 

R/t  =  friction  force  on  secondary'  guides  from 
static  weight  only, 

R/}  =  friction  force  on  secondary'  guides  produced 
by  the  primary'  recoil  force,  K, 

R>,  =  hydraulic  force  in  the  secondary'  recoil 
cylinder  with  the  recoil  forces  K  and  R 
variable, 

Rhi  =  hydraulic  force  in  secondary  recoil  cylinder 
with  the  recoil  forces  K  and  R  constant, 
n  =  coefficient  of  friction, 

e  =  angle  of  gun  elevation  measured  from  the 
horizontal 

,  1 
k  i  =  —  At, 
mx 

.  m\  4-  m2 

k 2  = - t —  - -  ,  - ,  At, 

ni\  (m2  +  ni\  stn2  8) 


ki 
k  4 
k  5 

k6 


cos  8 

- 

m2  T  m i  sin2  8 

(mi  +  m2)gsinfl 
m2  -f  m|  sin2  8  ’ 

1 

m2  +  sin2  8 

ffy  sin  8  cos  8 
m2  +  mx  sin2  0 


176.  Following  are  explanations  of  the  column 
headings  of  Table  2  according  to  the  numbered 
sequence  of  columns: 

1.  Time  is  divided  into  intervals  that  are 
arbitrarily  selected  to  fulfill  a  com¬ 
promise.  The  smaller  the  interval, 
At,  the  more  accurate  the  calculation 
but  the  greater  the  labor.  A  good  ap¬ 
proach  is  to  assume  small  increments 
of  about  0.001  to  0.004  second  during 
the  propellant  pressure  period,  where 
forces  are  large  and  changing  rapidly. 
After  the  propellant  period,  larger 
intervals,  0.020  to  0.040  second,  may  be 
used.  However,  near  the  end  of  recoil, 
it  is  good  practice  to  again  lake  small 
increments  in  order  not  to  miss  the 
peaks  which  may  build  up  very  sud¬ 
denly. 

2.  Avr  is  the  estimated  change  in  primary 
relative  recoil  velocity  during  At  and  is 
later  to  be  checked  against  Column  30. 

3.  i>,  is  the  primary  relative  recoil  velocity 
and  is  the  summation  of  Avr 

4.  Axr  is  the  increment  of  displacement 
during  At,  of  the  primary  recoiling 
mass  relative  to  the  secondary'  recoiling 
mass  and  equals  vr  At. 

5.  xr  is  the  displacement  of  the  primary' 
recoiling  mass  relative  to  the  secondary 
recoiling  mass  and  is  the  summation  of 
Ax,. 

6.  vs  is  the  velocity  of  the  primary'  recoiling 
mass,  which  is  obtained  from  the  curv  e 
drawn  by  assuming  the  primary  and 
secondary  recoil  forces,  K  and  R,  to  be 
constant  (see  Paragraphs  154  to  172). 

7.  ( vjv ,)2  is  the  ratio  used  to  convert  the 
primary  recoil  force,  K,  from  a  constant 
to  a  variable  to  conform  with  the 
hydraulic  force,  K„.  This  ratio  is  ap¬ 
plied  at  each  increment  of  time  through¬ 
out  the  length  of  recoil.  The  piston  rod 
force  of  a  recoil  cylinder  is: 
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Kh  = 


(102  rearranged) 
See  Paragraph  172  for  symbols.  From 
this  equation  it  is  evident  that  the  force 
is  directly  proportional  to  the  square  of 
the  relative  primary  recoil  velocity 
which  is  the  same  as  the  relative  primary 
piston  rod  velocity.  Since  no  dimen¬ 
sions  or  constants  have  been  altered, 
the  only  term  in  the  expression  that 
changes  is  the  velocity,  vr;  hence  the 
ratio  (vjv,)2. 

8.  Khs  is  the  hydraulic  force  acting  on  the 
primary  recoil  piston  head,  obtained 
from  the  curve  drawn  with  K  and  R  as¬ 
sumed  constant  (see  Paragraph  169). 

9.  Kh  is  the  hydraulic  force  acting  on  the 
same  piston  head  with  variables  K  and 
R,  and  is  obtained  by  multiplying 

by  the  ratio  (vjvj2. 

10.  Ka  is  the  primary  recuperator  force 
and  is  taken  from  the  graph  drawn 
according  to  instructions  in  Paragraph 


169. 


11.  Kf  is  the  friction  force  on  the  primary 
guides  assumed  as  the  product  of  the 
weight  component  normal  to  the  guides 
and  the  coefficient,  m-  Assume  n  equal 
to  0.15. 

12.  K  is  the  total  primary'  recoiling  force 
consisting  of  Kh  +  Ka  +  Kf  where 
each  force  is  as  explained  above. 

13.  Fg  is  the  force  acting  on  the  projectile 
due  to  the  propellant  pressure  and 
equals  the  pressure  multiplied  by  the 
bore  area.  The  pressure  is  obtained 
from  the  ballistic  curve  of  propellant 
pressure  plotted  against  time. 

14.  Av2  is  the  increment  of  velocity  of  the 
secondary  recoiling  mass  and  is  ob¬ 
tained  from  Column  34. 

15.  v2  is  the  velocity  of  the  secondary  re¬ 
coiling  mass  and  is  the  summation  of 
Av2- 

16.  Ax2  is  the  increment  of  displacement  of 
the  secondary  recoiling  mass  and 
equals  v2  At. 

17.  x2  is  the  displacement  of  the  secondary' 
recoiling  mass  and  is  the  summation 
of  Axz. 


18.  is  the  velocity  of  the  secondary  re¬ 
coiling  mass  obtained  from  the  curve 
drawn  by  assuming  the  recoil  forces, 
K  and  R,  constant  (see  Paragraphs  171 
and  172). 

19.  (v2/v lr)2.  See  description  of  Column  7. 

20.  Rhs  is  the  hydraulic  force  acting  on  the 
secondary'  recoil  piston  head  obtained 
from  the  curve  drawn  with  K  and  R 
assumed  constant. 

21.  Rh  is  the  secondary  recoil  piston  rod 
force  with  varying  forces,  K  and  R,  and 
is  the  product  of  Rhs  and  (v2/vlr)2. 

22.  Ra  is  the  secondary  recuperator  force, 
from  the  curve  drawn  according  to 
Paragraph  169. 

23.  R/t  is  the  friction  force  on  the  secondary 
guides  due  to  the  weight  only  and 
equals  the  coefficient  of  friction,  n, 
multiplied  by  total  static  weight  normal 
to  the  secondary  guides  (this  includes 
primary'  and  secondary'  masses),  n  is 
assumed  as  0.15. 

24.  R/2  is  the  force  due  to  friction  produced 
by  the  primary'  recoil  force,  K,  and 
equals  ^ K  sine,  where  /x  is  assumed  as 
0.15. 

25.  R  is  the  total  secondary'  recoil  force  con¬ 
sisting  of  the  secondary  Rh,  the  sec¬ 
ondary'  Ra,  and  the  secondary'  R/t  and 

H- 

26.  27,  28,  and  29.  These  are  the  different 
components  of  Av,  simplified  so  as  to 
aid  in  the  computation.  The  various 
constants  have  been  defined  in  Para¬ 
graph  175. 

30.  Avr  =  k\FK  "I"  k2K  "I"  k2R  +  k4.  This 
is  the  increment  of  the  relative  primary' 
recoil  velocity.  It  represents  in  con¬ 
densed  form  Equation  (103): 

_  /  K  cos2  £  —  W\  cos2esine—  cos  A  ^  ^ 
\  m2  "I" m\  sin20  ) 

(103a) 


31,  32  and  33.  The  items  in  these  columns 
are  the  different  components  of  Av2 
simplified  so  as  to  aid  in  computation. 
The  various  constants  are  defined  in 
Paragraph  175. 
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34.  Av2  =  k}K  +  k5 R  +  k 6.  This  is  the 
increment  of  the  secondary  recoil 
velocity.  It  represents  in  condensed 
form  Equation  (104): 


Av2  = 


_  / Kcos  8  —  IV,  cos  8  sing  —  R 


m2 


^  am.  sin28 


-)At.  (104a) 


177.  Following  is  the  procedure  for  step-by-step 
integration,  using  T able  2.  Assume  an  increment  of 
time,  At.  Estimate  the  change.  Avr,  in  relative 
primary  recoil  velocity  which  occurs  during  At. 
The  summation  of  this  plus  all  preceding  increments 
in  velocity  is  the  total  relative  primary  velocity  at 
time,  t,  and  is  designated  v,.  Ax,,  the  increment  of 
primary  travel  during  At,  is  computed  from  Ax,  = 
vr  At,  and  the  summation  of  Ax,  is  x„  the  total 
travel  at  time,  t.  From  the  graph,  based  on 
constant  recoil  forces,  of  primary  relative  velocity 
versus  primary'  relative  distance,  the  velocity7,  vs,  at 
this  distance  is  found.  Calculate  ( vjvs )2.  Find 
Khs  from  the  graph,  based  on  constant  recoil  forces, 
or  primary7  force  versus  distance.  Kh  is  calculated 
from  Kh  =  Khs  (vr/vs)2.  Ka  is  determined  from  the 
graph  of  primary'  recuperator  force  versus  primary' 
relative  distance,  based  on  constant  recoil  forces. 
Kj  is  the  primary'  static  weight  component,  normal 
to  the  primary'  guides,  multiplied  by  the  coefficient 
of  friction.  K  is  the  sum  of  Kh,  Ka,  and  Kf.  The 
propellant  pressure  force,  FK,  is  found  from  the 
curve  of  propellant  pressure  versus  time.  Av2  is 
found  from  Column  34  and  v2  is  the  summation  of 
Av2.  x2  is  the  summation  of  v2  A  t.  Knowing  x2,  the 
secondary'  velocity,  v2r,  is  obtained  from  the  graph, 
based  on  constant  recoil  forces,  of  secondary'  recoil 
velocity  versus  secondary  distance.  Calculate 
(vilvir)2-  Rhs  is  found  from  the  graph,  based  on 
constant  recoil  forces,  of  the  secondary'  hy  draulic 
force  versus  the  secondary'  recoil  distance.  Rh  is 
equal  to  Rhs  (v2/v2r)2.  Ra  is  taken  from  the  graph 
of  secondary  recuperator  force  versus  secondary' 
distance.  R/t  is  the  secondary  guide  friction  due  to 
static  weight  only.  The  secondary'  friction  due  to 
primary  recoil  is  R/z  =  ^  K  sin  8.  The  total  sec¬ 
ondary  recoil  force  is  A  =  R.  "I"  Ra  +  R/,  Rjr 
All  the  constants,  ku  k2,  k2,  k4,  k5,  and  k6  are 
calculated  for  the  increment  of  time  selected,  and 
k]Fv,  k2K,  k-,R,  Avr,  k$K,  k5R,  and  Av2  are  all 
readily  determined.  If  the  final  value  of  Avr  is  not 
in  conformity  with  the  value  estimated  at  the  be¬ 
ginning  of  the  computation,  the  calculations  must 
be  repeated  until  agreement  is  reached. 


178.  The  above  procedure  is  necessary  for  the 
first  increment  of  time  and  may  be  applied  to  each 
additional  interval  but  a  somewhat  less  laborious 
method  is  recommended.  For  each  new  increment 
of  time,  the  average  primary  recoil  velocity  is  taken 
as  the  velocity  at  the  end  of  the  preceding  interval, 
thereby  eliminating  the  tedious  and  incessant  trials 
and  errors.  This  simplified  method  introduces 
some  inaccuracy,  which  can  be  minimized  by 
assuming  very'  small  increments  of  time  throughout 
the  entire  procedure.  Even  though  a  greater  num¬ 
ber  of  small  intervals  are  used,  there  will  still  be  a 
substantial  saving  of  time  and  effort.  The  greater 
accuracy  of  the  trial  and  error  method  seldom  justi- 
fies  its  tedium.  Whichever  procedure  is  em¬ 
ployed,  it  is  carried  through  until  the  recoil 
distances  have  reached  their  maximum  values.  If, 
within  these  distances,  the  recoil  motions  have 
become  zero  and  the  forces  have  not  peaked  ex¬ 
cessively,  nor  gone  to  infinity7,  the  design  is  satis¬ 
factory7.  Otherwise,  the  need  for  redesign  is 
indicated. 

179.  (Step  7 )Connterrecoil.  The  procedure  used 
for  recoil  calculations  is  also  applied  to  counterre¬ 
coil.  However,  design  requirements  are  less 
stringent  than  for  recoil.  All  that  is  necessary'  is 
to  return  the  gun  to  the  in-battery  position  with 
forces  sufficient  to  overcome  friction,  but  not  to 
create  such  high  velocities  that  the  weapon  can 
overturn  during  buffing.  In  guns  of  large  caliber, 
where  double  recoil  systems  are  used  to  best  ad¬ 
vantage,  there  is  ample  time  between  rounds  for 
counterrecoil  and  very  low  velocities  are  accept¬ 
able.  Generally,  forces  large  enough  to  overcome 
friction  under  all  design  conditions  are  adequate 
to  insure  a  timely  return. 

1 80.  The  forces  producing  counterrecoil  motions 
are  imparted  by  the  recuperators  and  the  velocities 
are  regulated  by  buffer  mechanisms,  the  type  of 
which  depends  upon  the  recoil  system  employed. 
Careful  control  of  buffing  is  necessary'  as  the  in¬ 
battery'  position  is  approached  so  that  the  inertia 
forces  in  retardation  remain  commensurate  with 
stability7.  The  counterrecoil  velocities  sometimes 
are  permitted  to  increase  at  will,  until  the  buffers 
are  contacted,  and  then  decelerated  to  rest.  Or, 
they  may  be  controlled  throughout  their  strokes, 
so  that  they  increase  from  zero  to  some  prede- 
tennined  values,  are  held  there  for  the  greater  part 
of  their  strokes,  and  then  are  buffed  to  rest. 

181.  To  calculate  counterrecoil  action,  the  same 
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basic  equations  are  used  as  in  the  primary  and 
secondary  recoil  computations.  It  is  a  continua¬ 
tion  of  the  same  calculations,  but  with  the  addition 
of  primary  and  secondary  buffer  forces,  Kb  and 
Rb.  Friction  is  reversed,  and  recoil  forces  K  and  R 
become  negative  as  the  recuperator  forces  now 
exceed  the  other  components.  Thus, 

K=  Kh- Ka  + Kf+ Kb,  (105) 

and 

R  ~  Rh  —  Ra  +  Rfx  +  R/2  +  Rb .  (106) 

where,  as  before,  forces  assigned  the  symbol,  K, 
refer  to  the  primary  action  and  those  designated  R 
refer  to  the  secondary'  action. 

182.  Forces  constituting  K  and  R  are  all  pre¬ 
determined  except  Kb  and  Rb.  Since  both  Av, 
and  A©2  are  functions  of  K  and  R,  plus  a  constant 
weight  component,  it  is  possible,  by  assigning 
proper  magnitudes  to  the  buffer  forces,  to  control 
vr  and  v2  in  counterrecoil.  It  is  in  this  manner,  by 
manipulating  the  buffing,  or  throttling  forces, 
Kb  and  Rb,  that  counterrecoil  motion  is  regulated. 

XII.  RECOIL  SYSTEMS  FOR  SMALL  ARMS* 

A.  INTRODUCTION 

183.  Designers  of  modern,  lightweight  weapons, 
particularly  for  aircraft,  are  confronted  with  con¬ 
flicting  demands  for  increased  fire-power  and  de¬ 
creased  weapon  weight.  These  requisites,  involving 
high  muzzle  energy,  reduced  recoiling  mass,  and 
short  recoil  and  counterrecoil  time  and  distance, 
combine  to  increase  transient  recoil  forces.  Large, 
cyclic  pulsations  in  these  forces  result  in  severe 
vibration  problems  in  airframes  and  associated 
equipment.  It  is  necessary  that  these  recoil  force 
oscillations  be  mechanically  damped  to  the  smallest 
possible  amplitudes  w  ithout  impairing  rate  of  fire, 
operating  dependability,  or  accuracy.  This  is  done 
through  the  application  of  what  are  known  as 
“soft  mounting"  techniques. 

184.  Recoil  mechanisms  for  small  arms  are 
termed  “recoil  adapters."  Of  the  several  ty  pes  that 
have  been  or  are  being  developed,  three  will  be  dis¬ 
cussed.  (1)  The  ring  spring  represents  the  initial 
attempt  to  produce  a  soft  recoil  mounting.  Sim¬ 
plicity  of  design  and  operation,  plus  durability,  are 
its  advantages.  (2)  The  sleeve  brake  derives  its  re- 

*  Reference  13. 


tarding  force  from  friction  between  a  braided  wire 
sleeve  and  a  brake-liner  covered  rod  oscillating 
within  the  sleeve.  This  force  is  always  opposite  in 
direction  to  the  motion  of  the  recoiling  mass  to 
which  the  brake  rod  is  attached.  (3)  The  hydro- 
spring  adapter  generates  its  braking  force  by  re¬ 
stricting  the  flow  of  a  hydraulic  fluid  by  an  annular 
orifice.  The  fluid  flow  is  deliberately  made  turbu¬ 
lent  to  increase  the  frictional  loss  for  energy'  dissi¬ 
pation  and  rapid  stabilization  of  the  oscillations. 
The  sleeve  brake  and  the  hydrospring  adapters  are 
more  effective  than  the  ring-spring  type  as  they  r  e 
duce  peak-to-peak  variations  in  trunnion  force  to 
about  50  percent  of  those  permitted  by  the  ring 
spring. 

B.  DESIGN  AND  OPERATING  CHARACTERISTICS  OF 
RING  SPRINGS 

185.  The  ring-spring  assembly  consists  of  a 
number  of  inner  and  outer  closed  rings  contacting 
each  other  along  conical  surfaces.  See  Figure  40. 
When  axial  force  is  applied,  the  rings  telescope  into 
each  other.  A  nearly  uniform  distribution  of  cir¬ 
cumferential  stress  is  obtained  in  both  inner  and 
outer  rings;  the  outer  rings  being  stressed  in  tension 
and  the  inner  ones  in  compression.  The  rings  are 
highly  elastic  and,  as  the  spring  assembly  is  com¬ 
pressed,  the  outer  rings  dilate  and  the  inner  con¬ 
tract  as  each  conical  surface  telescopes  into  the  ad¬ 
jacent  one.  Each  pair  of  telescoping  conical  sur¬ 
faces  is  considered  a  spring  element.  The  total 
deflection  of  a  spring  assembly  is  the  sum  of  the 
travels  of  the  individual  elements.  Figure  40  also 
shows  a  cross  section  of  a  single  spring  element. 
The  dimensions  indicated,  together  with  the  num¬ 
ber  of  elements,  determine  the  design  of  a  ring 
spring. 

186.  In  designing  ring  springs  for  recoil  adapters, 
the  outside  diameter  and  solid  height  are  dictated 
by  space  considerations.  The  highest  resistance  of 
the  spring  is  equal  to  the  maximum  recoil  force. 
The  maximum  deflection  is  based  upon  the  maxi¬ 
mum  travel  of  the  recoiling  mass  and  upon  the 
spring  preload,  if  any.  A  specific  slope  of  the 
conical  surfaces  must  be  assigned.  Generally,  a 
minimum  angle  of  approximately  14  degrees  en¬ 
sures  release  of  the  spring.  Dimensions  and  certain 
characteristics  of  the  ring  elements  and  spring  as¬ 
sembly  are  determined  by  the  mathematical  rela¬ 
tionship  given  below. 
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LONGITUDINAL  SECTION  OF  A  WHOLE  SPRING 


DETAIL  A  -  SHOWING  DIMENSIONS  OF 
SINGLE  SPRING  ELEMENT 


Figure  40.  Ring  Spring  With  Single  Spring  Element 


187.  Nomenclature  for  ring  spring  design  cal¬ 
culations.  See  also  Figure  40. 

A\  =  sectional  area  of  outer  ring  element  (■$  area  of 
outer  ring) 

A2  =  sectional  area  of  inner  ring  element  area  of 
inner  ring) 

b  =  half  the  width  of  each  outer  and  inner  ring 
C  =  constant  used  in  Equation  (107)  and  per¬ 
taining  to  the  recoil  motion 
C i  =  constant  used  in  Equation  (108)  and  pertain¬ 
ing  to  the  counterrecoil  motion 
D i  =  outer  diameter  of  outer  ring 
D2  =  inner  diameter  of  outer  ring 
D„  =  mean  diameter  of  outer  ring 
d{  =  outer  diameter  of  inner  ring 
d2  =  inner  diameter  of  inner  ring 
d,  =  mean  diameter  of  inner  ring 
E  =  modulus  of  elasticity 
F  =  axial  force  required  to  compress  spring  to  its 
solid  height 

It  =  solid  height  of  spring 

n  =  total  number  of  spring  elements  (twice  the 
number  of  outer  rings) 

R  =  load  deflection  rate  during  compression 
Ri  =  load  deflection  rate  during  return 
r  =  mean  radius  of  the  rings 
S  =  total  deflection  or  travel  of  spring 
s  =  maximum  travel  of  each  spring  element 
V  =  total  volume  of  ring  spring  assembly 
V\  =  volume  of  outer  ring  element 
V 2  =  volume  of  inner  ring  element 
W  =  work  done  during  compression  of  spring 
Wu  =  elastic  work  done  during  compression  of 
spring 

a  =  angle  of  conical  surface 


t  =  mechanical  efficiency  of  spring 

p  =  coefficient  of  friction 

a  =  numerical  average  of  alt  circumferential 
stresses  at  load.  F,  disregarding  signs 
ac  =  average  circumferential  compressive  stress  in 
inner  ring  at  load.  F 

a,  =  average  circumferential  tensile  stress  in 
outer  ring  at  load.  F. 

188.  Mathematical  Relationships 


£,  _  tana_T  m 
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tana  —  m 

Ci  =  tana  (I'm  tana) 
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II 
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Dq<t,  +  dj(Tc  pennissible  to  work  the  inner  rings  to  their  elastic 

2£tan  a  ^  '  limit  because  the  stresses  are  compressive  and  the 

danger  of  breakage  is  remote.  However,  the  outer 
rings  are  stressed  in  tension  that  should  be  suf¬ 
ficiently  below  the  elastic  limit  to  insure  safe  opera¬ 
tion  of  the  spring.  The  inside  diameter,  d2,  of  the 
inner  ring,  may  be  determined  as  the  quantities 
£>i,  h,  and  V  are  now  known.  Equation  (112) 
yields  the  magnitude  of  s,  the  maximum  travel  of 
each  spring  element,  and  Equation  (1 13)  gives  the 
value  of  n,  the  number  of  spring  elements.  If  n  is 
not  an  even  number,  the  next  higher  even  number 
is  selected  and  s  is  recalculated.  The  dimension,  b, 
is  found  from  Equation  (114).  Equation  (1 15)  is 
available  for  finding  the  areas,  Aj  and  A2,  which  are 
189.  F,  S,  h,  and  D\  are  set  up  by  the  design  re-  necessary'  to  determine  d2 ■  After  finding  D„  and 

quirements  of  the  problem,  a  is  assigned  and  is  from  Equations  (116)  and  (117),  respectively,  the 

subject  to  some  manipulation.  E  and  a  are  prop-  maximum  travel,  s,  of  the  spring  element  can  be 

erties  of  the  material  to  be  used,  n  is  not  known  checked  with  Equation  (1 18).  If  close  agreement 

accurately  and  must  be  assumed,  possibly  supple-  with  the  original  value  of  s  is  not  reached,  the 

mented  by  physical  testing.  With  all  these  quanti-  spring  must  be  revised. 

ties  at  hand.  Equations  (109),  (110),  and  (111)  are  190.  It  is  convenient  to  have  a  chart,  as  in  Figure 
used  to  find  the  required  spring  volume,  V.  It  is  41,  to  read  directly  the  values  of  C,  C\,  and  t  for 
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(a)  NOT  PRELOADED  (b)  PRELOADED 


Figure  42.  Load-Deflection  Diagrams  of  Ring  Springs 


various  combinations  of  a  and  p.  There  is  a  wide 
variation  in  the  coefficient  of  friction  (from  0.01  to 
0.22)  depending  upon  type  of  lubricant  and  finish 
of  the  conical  surfaces. 

191.  The  theoretical  load  deflection  rates  (Rand 
Ri)  for  the  compression  and  return  motions  of  a 
ring  spring  are  calculated  from  Equations  (119) 
and  (120)  and  plotted  as  in  Figure  42(a).  The 
shaded  area,  Af,  represents  the  energy  dissipated  by 
the  spring  in  the  form  of  friction.  Area.  Af,  rep¬ 
resents  energy  stored  in  the  spring  during  the  com¬ 
pression  stroke  and  is  available  for  returning  the 
mass  to  its  original  position.  The  mechanical 
efficiency  is: 


_  SF{  Ae 
*  SF  A,+  Ae 


(122a) 


192.  Ring  springs  are  generally  prcloadcd  when 
used  as  recoil  adapters.  Figure  42(b)  is  a  load- 
deflection  diagram  of  a  preloadcd  ring  spring. 
The  amount  of  preload  is  given  by  ordinate  AC. 
The  line  CD  represents  compression  of  the  spring 
while  the  curve  DB  is  the  load  deflection  relation¬ 
ship  during  its  return  to  the  initial  preloaded  con¬ 
dition.  The  dotted  lines  complete  the  curve  to 
illustrate  the  diagram  applied  to  the  same  spring 
if  it  were  not  preloaded. 

193.  Figure  43  shows  the  force  deflection  curves 
for  two  similar  ring  springs,  using  the  same  lubri¬ 
cant.  The  striking  difference  in  their  efficiencies  il¬ 
lustrates  the  importance  of  correct  contact  between 
inner  and  outer  conical  surfaces.  Graph  (a)  shows 
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Figure  43.  Load-Defledion  Diagrams  of  Similar  Ring 
Springs 


the  effect  of  imperfect  surfaces  while  graph  (b) 
shows  the  characteristic  of  practically  perfect  sur¬ 
face-to-surface  contact. 


C.  DESIGN  AND  OPERATING  CHARACTERISTICS  OF  THE 

SLEEVE  BRAKE 

194.  The  sleeve  brake  adapter  consists  of  recoil 
spring,  brake  spring  and  brake.  Figure  44  shows 
the  components  of  the  mechanism.  The  recoil 
spring  stores  the  energy  for  counterrecoil  as  it  is 
compressed  during  recoil.  The  brake  is  essentially 
a  braided  wire  sleeve  which,  when  stretched  by  the 
brake  spring,  decreases  in  diameter  and  causes  a 
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Sample  of  Wire  Braid  SI*  ere 
/ 


(Braid  Sleeve  Inside) 


Recoil  Spring 


fry  i  ■  it  *  -i  ...■*! 


Figure  44.  Sleeve  Brake  Recoil  Adapter  Disassembled 


frictional  drag  on  the  moving  brake-liner  covered 
rod.  The  relation  of  the  various  parameters  af¬ 
fecting  the  sleeve  friction  force  is  given  by  Equa¬ 
tion  (123):* 

£=  t  _  e(-'*7‘a“2"),  (123) 

Fb 

where : 

tan  d  =  ratio  of  circumference  of  wire  strands 
to  pitch, 

Ff  =  rod  force  required  to  overcome  friction, 
Fb  =  brake  spring  force, 

L  =  length  of  contact  betw  een  sleeve  and  rod, 
r  =  radius  of  rod, 

(3  =  braid  angle  or  angle  betw een  wire  strands 

and  the  axis  of  the  sleeve, 
pi  =  coefficient  of  friction  between  rod  ana 
sleeve. 

Figure  45  is  a  plot  of  Equation  (123)  for  various  val¬ 
ues  of  L/r  and  for  j3  =  7r/4  radians.  From  this,  it 
is  evident  that  if  the  ratio  L/r  is  large,  the  braking 
force,  Ff,  will  be  nearly  constant,  provided  the  fric¬ 
tion  coefficient  is  reasonably  large.  The  variation 
in  FfjFb  is  less  than  10  percent  for  a  friction  co- 

efficientvaryingfrom  0.25  to  1.00  for  an  L/r  ratio  of 
10  and  with  a  d  of  7r/4.  Equation  (123)  will  give  the 
maximum  friction  force  for  a  given  friction  brake 


without  using  any  lengthy  numerical  or  experi¬ 
mental  procedures.  A  tubular  wire  braid  for  the 
sleeve  brake  is  completely  specified  by  the  follow¬ 
ing  data: 

1.  tube  inner  diameter, 

2.  type  of  wire  (material), 

3.  diameter  of  wire, 

4.  number  of  wires  per  strand, 

5.  number  of  strands, 

6.  strand  pitch. 

195.  The  follow  ing  represents  a  typical  braid  de¬ 
sign: 

1.  0.75  in.  inner  diameter  of  tube, 

2.  stainless  steel  (TS  =  250,000  psi)  or  brass 
coated  steel  wire, 

3.  0.01  in.  wire  diameter, 

4.  9  wires  per  strand. 

5.  24  strands, 

6_  2.555  in.  pitch. 

Using  0.76  in.  as  an  approximate  mean  diameter: 
tanp  =  =  0.938, 

/3  =  43". 

Fatigue  failure  of  the  braided  sleeve  is  dependent 
upon  the  tensile  force  applied  to  it  by  the  brake 


For  derivation  of  Equation  (123),  see  Reference  14. 
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spring.  Sleeves  similar  to  the  one  exemplified 
showed  signs  of  fatigue  failure  at  the  end  of  3000 
cycles  with  a  tensile  force  of  4000  pounds.  When 
this  tensile  force  was  reduced  to  225  pounds,  no 
failure  occurred  during  5000  cycles.  In  static 
tests,  degreased  sleeve  brakes  produced  higher 
brake  forces  than  brakes  tested  in  the  greased,  or 
oiled  conditions.  As  the  length  of  the  sleeve  is  in- 


Figure  46.  Force-Displacement  Diagram  of  a  Sleeve 
Brake  Adapter 


creased,  the  braking  force  increases  so  as  to  ap¬ 
proach  the  brake  spring  force  and  the  ratio 
Ff/Fb  of  Equation  (123)  approaches  1.00  as  a  limit. 
Static  tests  results  also  indicate  that  the  coefficient 
of  friction  decreases  with  increased  braid  tension. 

196.  Figure  46  show  s  an  idealized  force  —  dis¬ 
placement  diagram  of  a  sleeve  brake  adapter.  This 
adapter  contains  a  single  recoil  spring  which  has  a 
preload  equal  to  the  force  OA  on  the  diagram. 
The  constant  frictional  force  opposing  recoil  is 
represented  by  the  line  AC  and  AC  I A0  >  1.00. 
The  frictional  force  AF  during  counterrecoil  equals 
AC.  In  actual  practice,  these  frictional  forces  are 
larger  than  the  spring  preload  and,  on  the  basis  of 
force  alone,  would  not  permit  the  gun  to  return  to 
battery.  However,  the  inertia  of  the  moving 
counterrecoiling  mass  is  sufficient  to  overcome  the 
excess  friction  near  the  in-battery'  position. 

197.  Point  0  represents  the  initial  static  con¬ 
dition  of  the  adapter.  The  curve  0 CD  represents 
the  recoil  conditions  of  the  brake  rod.  When  the 
force  of  the  propellant  gases  is  transmitted  to  the 
brake  rod,  no  motion  occurs  until  this  force  ex- 
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(125) 


ceeds  0 C  Line  CD  represents  the  force  —  dis¬ 
placement  curve  during  recoil.  Its  slope  is  es¬ 
tablished  by  the  rate  of  the  recoil  spring.  Counter¬ 
recoil  activity  is  represented  by  the  curv  e  DEF. 
The  dotted  line  is  the  force — displacement  curv  e 
of  the  preloaded  recoil  spring.  Since  the  area  under 
the  line  CD  represents  the  total  recoil  energy  and 
that  under  line  EF  is  the  recoverable  recoil  energy  , 
the  frictional  loss  is  given  by  the  area  within  the 
parallelogram  CDEF. 

D.  DESIGN  AND  OPERATING  CHARACTERISTICS  OF  THE 

HYDROSPRING  ADAPTER 

198.  The  hy  drospring  adapter  for  small  arms  is 
similar  to  the  hydrospring  recoil  mechanisms  of 
larger  weapons.  The  basic  principle  is  the  dissi¬ 
pation  of  energy  resulting  from  the  restricted  flow  of 
a  hydraulic  fluid  through  an  orifice.  The  orifice 
can  be  either  of  constant  or  of  varying  area. 
Equation  (36)  reads 

v  IpA 3 

a>  ~  Q\2 Tt; 

If  the  orifice  area,  a0,  is  held  constant  and  the 
velocity  of  recoil,  v,  decreases  with  travel,  the 
hydraulic  resisting  force.  F0,  must  also  decrease  so 
that  the  ratio,  v/Vfo,  is  a  constant.  This  will 
result  in  either  a  long  recoil  stroke  or  high  initial 
forces.  Neither  choice  is  desirable;  hence,  in  al¬ 
most  all  cases,  a  constant  orifice  is  not  recom¬ 
mended. 

199.  The  most  efficient  recoil  mechanism  is  one 
providing  a  constant  resistance  to  the  recoiling 
mass.  If  the  only  resistance  to  recoil  is  by  hydraulic 
means,  then,  to  have  a  constant  force,  the  orifice 
area  must  vary  parabolically.  However,  an  appre¬ 
ciable  part  of  the  recoil  resistance  comes  from  the 
recoil  spring.  Since  this  force  is  not  uniform,  the 
hydraulic  resistance  must  also  vary  so  that  the 
total  resistance  is  constant.  Thus,  the  orifice  area 
must  vary  somewhat  differently  from  a  parabolic 
curve.  At  the  instant  that  the  propellant  gases  cease 
to  act  on  the  gun,  the  energy  of  the  recoiling  mass  is: 


where: 

vj  =  velocity  of  free  recoil; 

assuming  a  constant  recoil  force  which  may  be  de¬ 
termined  from  the  equation: 


where : 

L  is  the  recoil  distance  over  which  the  force,  F,  acts. 
The  total  recoil  resistance  has  two  components: 

F-F.  +  F0,  (126) 

where: 

Fs  =  spring  force, 

F„  =  hydraulic  force. 

The  value  of  Fs  may  be  found  for  any  distance,  x, 
along  L,  and  Fa  is  then  determined: 

Fs=FSo+Kx,  (127) 

where: 

K  =  spring  rate, 

Fs  =  initial  spring  force. 

After  Fa  is  known,  the  orifice  area,  au,  may  be  cal¬ 
culated  from  Equation  (36).  This  can  be  done 
readily  because  the  deceleration  is  uniform  and 
all  other  parameters  are  known: 

v*  =  v)  -  lax.  (128) 

The  above  method  neglects  the  effects  of  the  re¬ 
tarding  force  during  the  propellant  gas  period  be¬ 
cause  its  sole  purpose  is  to  illustrate  the  me¬ 
chanics  of  combined  spring  and  hydraulic  forces. 
A  more  refined  analysis  must  follow  according  to 
the  procedure  outlined  in  Chapter  X.  Another 
method  for  recoil  analysis  is  found  in  Reference  15. 

XIII.  SUPPLEMENTAL  DESIGN  FEATURES 

A.  MUZZLE  BRAKES 

200.  The  propellant  gas  forces  are  totally  respon¬ 
sible  for  recoil  motion  both  during  the  time  of  pro¬ 
jectile  travel  in  the  bore  and  after  it  leaves  the 
muzzle  until  the  gas  pressure  becomes  ineffective. 
The  curve  of  gas  pressure  versus  time  is  obtained 
from  the  interior  ballistician.  Interior  ballistics  are 
treated  in  another  series  of  Ordnance  Corps 
Pamphlets  beginning  with  Pamphlet  No.  ORDP  20- 
150. 

201.  After  the  projectile  has  left  the  muzzle,  the 
propellant  pressure  persists  for  a  short  time  and  the 
gases  are  expelled  at  high  velocity.  The  muzzle 
brake  utilizes  some  of  the  energy  still  present  in 
these  gases  to  impede  the  rearward  motion  <±  the 
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recoiling  parts.  The  brake  has  a  definitely  bene¬ 
ficial  effect  on  recoil  forces.  When  a  muzzle  brake 
is  used,  the  designer  of  the  recoil  mechanism  de¬ 
pends  upon  the  gun  designer  to  provide  the  per¬ 
formance  data  for  the  muzzle  brake.  The  method 
for  obtaining  performance  characteristics  of  muzzle 
brakes  is  discussed  in  the  Ordnance  Corps  Pam¬ 
phlets  on  Guns,  beginning  with  ORDP  20-250. 

B.  LIQUID  RESERVE  INDICATOR,  OR  OIL  INDEX 

202.  The  liquid  reserve  indicator,  or  oil  index,  is  a 
convenient  means  of  showing  the  quantity  of  hy¬ 
draulic  fluid  in  reserve.  Not  all  recoil  mechanisms 
are  equipped  with  fluid  reserve  indicators.  The 
Puteaux  and  Filloux  mechanisms  are  two  that  are 
so  equipped  (Refer  to  Chapter  V,  Parts  E  and  G). 
A  liquid  indicator  is  an  advantage  in  that  it  pro¬ 
vides  a  quick,  positive  way  to  check  for  an  adequate 
fluid  reserve. 

203.  Figure  47  illustrates  one  type  of  oil  index.  It 
consists  of  two  parallel  racks  on  either  side  of,  and 
engaged  by,  a  pinion.  The  three  components  are 


assembled  back  of  the  regulator  (Fig.  8)  and  are  al¬ 
ways  subjected  to  the  oil  pressure  which  tends  to 
force  the  lower  rack  outward.  This  tendency  is 
restrained  by  a  rod.  attached  to  the  floating 
piston  and  butting  against  the  upper  rack.  When 
the  liquid  reserve  between  piston  and  regulator  dia¬ 
phragm  diminishes,  the  rod  moves  outward, 
forcing  the  upper  rack  to  move  in  the  same  direc¬ 
tion.  The  lower  rack,  through  action  of  the  pinion, 
pulls  the  indicator  into  the  housing;  the  length  left 
extending  indicates  the  amount  of  reserve  fluid 
During  recoil,  the  floating  piston  withdraws  the 
rod  from  the  upper  rack  leaving  the  index  free  to 
move  outward.  When  all  components  of  the  recoil 
mechanism  resume  their  in-battery  position,  the  oil 
index  too  assumes  its  normal  position  and  again 
correctly  indicates  the  oil  reserve. 

C.  REPLENISHER 

204.  A  rcplenisher  is  the  oil  reserv  oir  for  the  hy¬ 
draulic  brake  on  some  independent  recoil  mechan¬ 
isms.  It  functions  mainly  as  an  expansion  chamber 


w 


67 


to  offset  the  efforts  of  thermal  expansion  or  con¬ 
traction  of  the  fluid  brought  about  by  changes  in 
air  temperature  or  by  activity  of  the  mechanisms. 
It  consists  of  a  cylinder  and  a  spring  loaded 
piston  (Fig.  48).  A  line  connects  the  replenisher  to 
the  low  pressure  end  of  the  brake  cylinder.  The 
spring,  by  continually  applying  pressure  to  the 
fluid,  maintains  a  completely  filled  brake  cylinder  at 
all  tsnes.  The  replenisher  also  serves  as  an  oil 
index  providing  a  means  for  checking  the  liquid 
volume.  An  access  hole  is  provided  on  the  spring 
end  of  the  replenisher  cylinder  from  which  the 
position  of  its  piston  can  be  measured.  The 
distance  is  calibrated  to  indicate  whether  the  fluid 
volume  is  in  the  working  range.  If  the  piston  is  too 
near  the  spring  end,  liquid  is  in  excess  and  must  be 
removed.  If  too  far  from  that  end,  fluid  must  be 
added  to  the  replenisher  until  the  correct  volume  is 
attained. 


XIV.  SAMPLE  CALCULATIONS, 
SINGLE  RECOIL 

205.  To  exemplify  the  procedure  followed  in 
making  recoil  calculations,  a  hypothetical  weapon 
is  selected  with  given  characteristics  upon  which 
the  recoil  mechanism  is  designed.  This  example 
problem  applies  to  a  single  recoil  system.  The  cal¬ 
culations  are  set  up  for  the  weapon  firing  at  its 
maximum  angle  of  elevation.  The  recoil  mechan¬ 
ism  is  of  the  Puteaux  type  (Fig.  8). 

206.  Weapon  Data. 

L  =  12.5  in.,  total  recoil  stroke, 
v„,  =  3400  ft/sec,  muzzle  velocity, 

W,  =  6400  lb,  weight  of  recoiling  parts, 

Wg  =  10  lb,  weight  of  propellant  charge, 

Wp  =  15  lb,  weight  of  projectile, 

6  =  65°,  maximum  angle  of  elevation. 

207.  Effective  Piston  Area. 

From  Equation  (2): 

.  .  W,vm+ 410  W, 

Vf~ - Wr - ’ 

15  X  3400  +  4700  X  10 
6400 

=  15.31  ft/sec,  velocity  of  free  recoil. 
From  Equations  (3a)  and  (3b) : 


K  =  +  W,  sin  6 

2  L 

234 

6400  V  I 

- A — —  +  6400  X  0.906  =  28,100  lb. 

32.2  X  2  X 

This  is  the  total  recoil  force  used  in  the  first  series  of 
calculations.  It  also  determines  the  maximum 
pressure  in  the  brake  cylinder.  Assume  a  recoil 
piston  diameter  of  D\  =  4.0  in.  and  a  piston  rod 
diameter  of  d  =  1.5  in.: 

A  =  *  (E>\  —  d2)  =  10.80  in2  effective  piston  area. 

From  Equation  (13) : 

„  K  28,100 

Pm=j  =  =  2600  psi  pressure  in 

recoil  cylinder. 

This  pressure  is  well  within  the  former  limit  of  4500 
psi  (Refer  to  Paragraph  87)  and  so  is  acceptable. 

208.  Recuperator  Gas  Capacity. 

From  Equation  (4): 

Fj  =  X  ( Wr  sin  6  +  m  Wr  cos  0  +  fp),  in-battery  force, 

=  1.15  (6400  X  0.906  +  0.30  X  6400  X  0.423) 
+  1.15  X  0.30  Fj  =  10,1001b. 

The  force,  F\,  is  required  to  hold  the  gun  in  battery 
and  to  overcome  all  frictional  resistance. 

From  Equation  (19): 

_  F,  10,100  .  .  .  .  , 

F0  —  =  iQ-g  =  935  psi,  initial  recuperator 

pressure, 

AV  =  LA  =  12.5  X  10.8  =  135  in3,  gas  displace¬ 
ment, 

P j  =  1.5  Po  =  1400  psi.  recuperator  pressure  at 

end  of  recoil. 

From  Equation  (20) : 

Pi  _  (Ys>\ 

Po  \vj’ 

but  V\  =  Vq  —  AV; 

and  n  =1.3. 

Then:  ..  V°  =  1.51'1-3  =  1.366, 

Kq  — 
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RECOIL  DISTANCE  (in  ) 


Figure  49.  Recoil  Force  Chart  for  Sample  Problem 


Vq  —  503.8  in3  initial  gas  volume  in  recuperator. 

Returning  to  Equation  (20),  the  gas  pressure  at  any 
distance  of  recoil,  x,  is: 

n  /  R(l  Y  n  _ 

503.8  -  10.8jc 

and  the  recuperator  force  is: 

K„  =  APX  =  10.80  Px. 

The  chart  showing  the  various  recoil  forces  may 
now  be  drawn  (see  Fig.  49).  It  may  be  assumed  for 
purpose  of  analysis  that  the  friction  of  the  recoil 
brake  and  sliding  surface  constitutes  12  percent  of 
the  total  recoil  force  and  also  constitutes  12  percent 


of  the  recuperator  force.  For  a  finished  design, 
these  figurescan  be  later  substantiated  by  a  rigorous 
analysis  and  the  proper  corrections  made.  The 
force-tune  curves  have  been  prepared  for  the  tune 
that  the  projectile  is  in  the  bore  and  for  the  tune  re¬ 
quired  for  the  pressure  to  become  zero  after  the 
projectile  leaves  the  muzzle.  The  values  are  ob¬ 
tained  from  Figures  23  and  24.  To  simplify  the 
sample  problem,  the  total  recoil  force  is  assumed 
constant  for  the  entire  recoil  stroke. 

209.  The  recoil  calculations  follow  a  step-by-step 
integration  procedure.  Results  are  more  readily 
observed  if  in  tabulated  form  as  presented  in 
Table  3,  Paragraph  215.  To  illustrate  the  pro- 
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cedure.  one  step  will  be  isolated  here.  Consider  realized.  The  recoil  energy-  for  this  distance  be- 
the  time  from  0.006  to  0.0065  sec:  comes : 


At  =  0.0065  -  0.006  =  0.0005  sec. 

From  the  curve  in  Figure  23,  half  way  between 
t  =  0.006  and  t  =  0.0065, 


AE,  =  2.263  X  22,308  =  50,500  in-lb. 

Applied  over  the  total  stroke  of  12.5  in.,  the  result¬ 
ing  change  in  recoil  resistance  is: 


Fg  =  343,000  lb.  propellant  gas  force. 

From  Equation  (25): 

F  =  Fx  +  W,  sin  8  =  343,000  +  6400  sin  65°  = 
348,800  lb,  the  accelerating  force  on  the  recoiling 
parts ; 

K  =  24,800,  the  total  resistance  to  recoil.  The 
value  for  K  is  assumed  constant  for  the  entire 
recoil  stroke; 

Fa  =  F  —  K  =  324,000  lb,  the  net  accelerating 
force  on  the  recoiling  parts; 

f 

a  =  -rf  =  19,570  in/sec2,  acceleration  of  the  re- 
Mr 

coiling  parts ; 

W  6400 

Mr  =  — -  = - (  mass  of  recoiling  parts  w  hen 

g  386.4' 

g  =  386.4  in/sec2; 

Av  =  a  At  =  9.79  in/sec,  change  in  velocity  be- 
tween0.006  and  0.0065  sec; 

v  =  vn_t  +  Av  =  48.50  +  9.79  =  58.29  in/sec, 
velocity  of  recoiling  parts  at  end  of  0.0065  sec 
and  is  the  velocity  at  the  end  of  0.006  sec; 

va  —  \  (®„_i  +  n)  =  53.40  in/sec,  the  average 
velocity  between  0.006  and  0.0065  sec; 

Ax  =  vaAt  =  0.0267  in.,  the  distance  that  the  re¬ 
coiling  parts  travel  between  0.006  and  0.0065  sec; 

x  +  Ax  =  0.0782  +  0.0267  =  0.1049  in., 

the  total  distance  that  the  recoiling  parts  have 
travelled  in  0.0065  sec. 

210.  The  recoil  calculations  involve  a  trial  and 
error  procedure  with  the  total  recoil  force,  K,  being 
the  determining  factor.  All  results  are  based  on 
this  value.  In  Paragraph  207,  the  first  value  of  K  ■— 
28,100  lb  was  computed.  Subsequent  calculations 
(not  shown)  proved  that,  using  this  resistance,  the 
length  of  stroke  necessary  to  stop  the  recoding 
parts  is  10.237  in.,  or  2.263  in.  less  than  the  stip 
ulated  stroke  of  12.5  in.  Since  this  result  is  not 
acceptable,  another  series  of  calculations  must  be 
made  based  on  a  corrected  K. 

211.  Increasing  the  calculated  10.237  in-  stroke 
to  12.5  in.  lowers  the  net  recoil  resistance  to  K  = 
22,300  lb  after  propellant  gas  forces  cease.  Let  us 
assume  that  this  is  the  force  that  would  be  applied 
over  the  last  2.263  in.  if  the  full  stroke  is  to  be 


AA  =  7?5  =  4000  lb- 

The  calculated  stroke  being  less  than  the  desired 
one  indicates  that  the  original  K  was  too  large, 
hence  the  new  quantity  becomes: 

K  =  28,100  -  4,000  =  24,100  lb. 

212.  A  second  series  of  calculations  is  then 
made.  This  time  the  total  recoil  stroke  is  12.985 
in.  of  0.485  in.  over  the  desired  distance:  indicating 
that  K  is  slightly  too  low.  The  new  recod.  re¬ 
sistance  over  the  last  part  of  the  stroke  is  K  = 
18,300  lb.  Correcting  again,  the  additional  energy 
required  to  stop  the  recoiling  mass  in  the  allotted 
distance  is : 


A Er  =  0.485  X  18,300  =  8846  in-lb; 


then : 


AK 


A  Er 
12.5 


7001b. 


The  corrected  total  recoil  resistance  becomes: 

K  =  24,100  +  700  =  24,800  lb. 

213.  The  third  series  of  calculations  is  made 
based  on  this  new  magnitude  of  A  and  is  shown  in 
Table  3  of  Paragraph  215.  The  total  recoil  stroke 
is  12.365  in.  This  distance  is  acceptable  as  it  is 
only  one  percent  less  than  the  required  stroke  of 
12.5  in. 

214.  A  convenient  check  of  the  calculations  is 
provided  by  computing  the  work  done  for  each  in¬ 
crement  of  travel.  Thus 

AE  =  Fa  Ax 

where  Fa  is  the  net  recoil  accelerating  force  and  is 
positive  during  the  first  part  of  the  stroke  and 
negative  during  the  second  part  when  the  recoiling 
mass  is  decelerating.  If  the  summations  of  nega¬ 
tive  and  positive  results  are  numerically  equal,  the 
calculations  may  be  considered  correct.  Thus : 

ZAE  =  (- )Z(-)AE 
For  the  example  just  completed, 

ZAE  =  155,350  in-lb, 

2(-)A  E  =  -155, 150  in-lb. 


70 


215.  TABLE  3.  Recoil  Calculations 


t 

At 

(sec) 

(sec) 

0 

0.001 

0.001 

0.001 

0.002 

0.001 

0.003 

0.001 

0.004 

0.001 

0.005 

0.0005 

0.0055 

0.0005 

0.006 

0.0005 

0.0065 

0.0005 

0.007 

0.001 

0.008 

0.001 

0.009 

0.001 

0.010 

0.0005 

0.0105 

0.0005 

0.011 

0.001 

0.012 

0.002 

0.014 

0.002 

0.016 

0.002 

0.018 

0.002 

0.020 

0.005 

0.025 

0.005 

0.030 

0.005 

0.035 

0.005 

0.040 

0.005 

0.045 

0.005 

0.050 

0.010 

0.060 

0.01Q 

0.070 

0.010 

0.080 

0.010 

0.090 

0.0695 

0.1595 

F. 

(1000  ]b) 

F 

(1000  lb) 

23 

28.8 

47 

52.8 

92 

97.8 

172 

177.8 

258 

263.8 

316 

321.8 

334 

339.8 

343 

348.8 

343 

348.8 

308 

313.8 

233 

238.8 

178 

183.8 

140 

145.8 

129 

134.8 

90 

95.8 

69 

74.8 

51 

56.8 

43 

48.8 

37 

42.8 

28 

33.8 

19 

24.8 

12 

17.8 

8 

13.8 

5 

10.8 

3 

8.8 

2 

7.8 

1 

6.8 

0.3 

6.1 

0 

5.8 

0 

5.8 

K 

(1000  lb) 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 

24.8 


F. 

(1000  lb) 

4 

28 

73 

153 

239 

297 

315 

324 

324 

289 

214 

159 

121 

110 

7L 

50 

32 

24 

18 

9 

0 

-7 

-11 

-14 

-16 

-17 

-18 

-18.7 

-19 

-19 


a 

(in/sec2) 

242 

1691 

4407 

9237 

14429 

17931 

19018 

19562 

19562 

•17448 

12920 

9600 

7305 

6641 

4287 

3020 

1933 

1450 

1087 

544 

0 

-423 
-664 
-846 
-966 
-1027 
-1087 
-  1129 
-1148 
-1148 
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TABLE  3.  Recoil  Calculations  (Continued) 


t 

Av 

V 

(sec) 

(in/sec) 

(in/sec) 

0 

0.24 

0 

0.001 

1.691 

0.24 

0.002 

4.407 

1.93 

0.003 

9.237 

6.34 

0.004 

14.429 

15.58 

0.005 

8.966 

30.01 

0.0055 

9.509 

38.98 

0.006 

9.781 

48.49 

0.0065 

9.781 

58.27 

0.007 

17.448 

68.05 

0.008 

12.920 

85.50 

0.009 

9.600 

98.42 

0.010 

3.653 

108.02 

0.0105 

3.320 

111.67 

0.011 

4.29 

114.99 

0.012 

6.04 

119.28 

0.014 

3.866 

125.32 

0.016 

2.90 

129.19 

0.018 

2.174 

132.09 

0.020 

2.720 

134.26 

0.025 

0 

136.98 

0.030 

-2.12 

136.98 

0.035 

-2.32 

134.86 

0.040 

-4.23 

131.54 

0.045 

-4.83 

127.22 

0.050 

-10.27 

122.39 

0.060 

-10.87 

112.12 

0.070 

-11.29 

101.25 

0.080 

-11.48 

89.% 

0.090 

-78.48 

78.48 

0.1584 

0 

va 

AX 

X 

(in/sec) 

(in.) 

(in.) 

0 

0.12 

0,00012 

0,0001 

1.09 

0.00109 

0.0012 

4.14 

0.00414 

0.0054 

10.96 

0.01096 

0.0163 

22.80 

0.02280 

0.0391 

34.50 

0.01725 

0.0564 

43.74 

0.02187 

0.0782 

53.38 

0.02669 

0.1049 

63.16 

0.03158 

0.1365 

76.78 

0.07678 

0.2133 

91.96 

0.09196 

0.3052 

103.22 

0.10322 

0.4084 

109.85 

0.05493 

0  4634 

113.33 

0.05667 

0.5200 

117.14 

0.11714 

0.6372 

122.30 

0.2446 

0.8818 

127.26 

0.2543 

1.1360 

130.64 

0.2612 

1,3973 

133.18 

0.2663 

1.6636 

135.62 

0.6781 

2.342 

136.98 

0.6849 

3.027 

135.92 

0.6796 

3.706 

133.20 

0.6660 

4.372 

129.38 

0.6469 

5.019 

124.81 

0.6241 

5.643 

117.26 

1.1726 

6.816 

106.69 

1.0669 

7.883 

95.61 

0.9561 

8.839 

84.22 

0.8422 

9.681 

39.24 

2.684 

12.365 

a£ 

(in-lb) 

30 

302 

1£77 

5450 

5120 

6890 

8650 

10230 

22190 

19680 

16416 

6647 

6234 

8320 

12230 

8138 

6269 

4793 

6100 

0 

-4760 

-7330 

-9060 

-9990 

-19930 

-19200 

-17880 

-16000 

-51000 
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216.  The  arifLasarea  and  eventually  the  control 
rod  diameter  are  detennined  from  Equation  (37): 

„  _  &  M3  fA„  ~  Ac V. 

0  C0\2F0(  Ar  )' 

then:  A  =  10. 8in2,  effective  area  of  recoil  piston, 
A*  =  19.64  in2,  recuperator  area, 

Ac  =  0.99  in2,  control  rod  area  (see  Para¬ 
graph  123), 

C„  =  0.70,  orifice  coefficient, 

F„  =  hydraulic  resistance, 
g  =  386.4  in/sec2, 
v  =  recoil  velocity, 
w  =  0.0315  lb/in3,  density'  of  fluid, 
p  =  w/g,  mass  density  of  fluid. 

The  value  of  Fa  is  obtained  from  Figure  49.  It  is 
assumed  that  the  losses  in  the  hydraulic  system, 
the  fp  "I"  f0  of  Equation  (38),  constitute  12  percent 
of  the  net  recuperator  force.  Substituting  the 
constants  in  Equation  (37),  the  orifice  area  becomes: 


a,  =  0.2996— w- 

vf; 

The  hole  in  the  orifice  plate  has  a  diameter  of  1|  in. 
Now  solve  for  dc,  the  control  rod  diameter  at  the 
orifice.  Calculations  are  shown  in  Table  4,  Para¬ 
graph  217. 


a,  =  f(L1252  -tfj); 


Since  the  areas  of  the  recoil  piston  and  the  re¬ 
cuperator  are  not  equal,  the  distance  that  the  con¬ 
trol  rod  moves  varies  as  the  ratio  of  their  areas 


xc  =  0.55x. 


217.  TABLE  4.  Calculationsfor  Control  Rod  Bzznaisicns 


4 


X 

*C 

F0 

VF0 

V 

-A, 

d] 

de 

(in.) 

(n) 

(lb) 

(in /sec) 

On2) 

(in2) 

(in2) 

(in.) 

0 

0 

10,500 

102  47 

0 

O 

0 

1.2656 

1.125 

0.0001 

0.00006 

10,500 

102.47 

0.24 

0 

O 

1.2656 

1.125 

0  0012 

0.00066 

10,500 

102.47 

1.93 

0.0056 

0.0071 

1.2585 

1.122 

0.0054 

0.0030 

10,500 

102.47 

6.34 

0.0185 

0,0236 

1  2420 

1.115 

0.0163 

0.0090 

10,500 

102.47 

15.58 

0.0456 

0.0581 

1.2075 

1.099 

0.0391 

0.022 

10,500 

102  47 

30.02 

0  0878 

0  1118 

1.1538 

1.074 

0.0564 

0.031 

10,500 

102.47 

38.99 

0  1140 

0.1451 

1.1205 

1.058 

0.0782 

0.043 

10,500 

102.47 

48.50 

0.1418 

0.1805 

1.0851 

1.042 

0.1049 

0.058 

10,500 

102.47 

58.29 

0.1704 

0.2170 

1.0486 

1.024 

0.1365 

0.075 

10,400 

101. '98 

68.08 

0.2000 

0.2546 

1.0110 

1.005 

0.2133 

0  117 

10,400 

101.98 

85.  50 

0  2512 

0.3198 

0.9458 

0.973 

0.3052 

0.168 

10,400 

101.98 

98.42 

0  2891 

0.3681 

0,8975 

0.947 

0.4084 

0.225 

10,400 

101.98 

108.02 

0.3173 

0.4040 

0.8616 

C.928 

0.4634 

0.255 

10,300 

101.49 

111.67 

0.3296 

0.4196 

0.8460 

0.920 

0.5200 

0.286 

10,300 

101.49 

114.99 

0.3394 

0.4321 

0.8335 

0.913 

0.6372 

0.350 

10,300 

101.49 

119.28 

0.3521 

0.4483 

0.8173 

0.904 

0.8818 

0.485 

10,200 

101.00 

125.32 

0.3717 

0.4732 

0.7924 

0.890 

1.136 

0.625 

10,200 

101.00 

129.19 

0.3832 

0.4879 

0.7777 

0.882 

1.399 

0.768 

10,100 

100.50 

132.09 

0.3938 

0.5014 

0.7642 

0.874 

1.664 

0.915 

9900 

99.50 

134.26 

0.4042 

0.5146 

0.7510 

0.867 

2.342 

1.288 

9700 

98.49 

136.98 

0.4167 

0.5305 

0.7351 

0.857 

3.027 

1.665 

9500 

97.47 

136.98 

0.4210 

0.5360 

0.7296 

0.854 

3.706 

2.038 

9200 

95.92 

134.86 

0.4212 

0.5362 

0.7294 

0.854 

4.372 

2.405 

9000 

94.87 

131.54 

0.4154 

0.5289 

0.7367 

0.858 

5.019 

2.760 

8700 

93.27 

127.22 

0,4086 

0.5202 

0.7454 

0.863 

5.643 

3.104 

8500 

92.20 

122.39 

0.3977 

0.5064 

0.7592 

0.871 

6.816 

3.749 

8000 

89.44 

112.12 

0.3755 

0.4781 

0.7875 

0.887 

7.883 

4.336 

7500 

86.60 

101.25 

0.3503 

0.4460 

0.8196 

0.905 

8.839 

4.861 

7000 

83.67 

89.96 

0.3221 

0.4101 

0.8555 

0.925 

9.681 

5.325 

6600 

81.24 

78.48 

0.2894 

0.3685 

0.8971 

0.947 

11.066 

6.086 

5800 

76.16 

54.57 

0.2146 

0.2732 

0.9924 

0.996 

11.957 

6.576 

5200 

72.11 

30.55 

0.1269 

0.1615 

1.11041 

1.051 

12.365 

6.800 

4900 

70.00 

0 

O 

O 

1.2656 

1.  125 
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218.  The  sample  calculations  for  counterrecoil 
are  based  on  the  same  hypothetical  weapon  that 
was  used  for  the  recoil  calculation.  The  maximum 
counterrecoil  velocity  is  specified  as  2  ft/sec  or 
24  in/sec  over  a  distance  of  9.685  in.  before 
the  buffer  is  contacted.  According  to  Equation 
(62), 

Fcr  =  Fac  -  fcr  ~  Fbc. 

The  packing  frictional  force,  fp,  and  die  slide  fric¬ 
tional  force,  Ffc,  are  assumed  to  constitute  12  per¬ 
cent  of  Fr  in  Equation  (6 Id).  Thus  the  available 
counterrecoil  force,  Fac,  is  plotted  and  can  be  read 
directly  from  the  curve  in  Figure  27.  ESy  substi¬ 
tuting  the  average  of  F„  over  each  increment. 
Equation  (64a)  may  be  written 


The  force,  Fa,  generated  by  the  orifice  during  recoil 
and  die  recoil  velocity,  v,  are  obtained  from  the 
recoil  calculations.  The  value  of  vr,  the  counter¬ 
recoil  velocity,  is  determined  by  trial  and  error. 
From  Equation  (64b) : 


Since  the  constants  are  die  same  as  those  for  the 
recoil  calculations  (Paragraph  216),  the  equation 
reduces  to 


r  0.0898  +  < 

Fbc  ~  „2  1 


(130) 


219.  The  maximum  orifice  area  during  recoil  is 
0.4212  in2.  In  accordance  with  Paragraph  137,  a 
constant  orifice  area  of  0.04212  in2  was  tried  but  it 
held  the  counterrecoil  velocity  to  less  than  17 
in/sec.  The  orifice  was  increased  to  0.07  in2  and 

subsequent  calculations  showed  a  counterrecoil 
velocity  °f  22.55  in/sec  just  as  contact  with  the 

buffer  begins  (at  x  =  2.5,  Table  5,  Paragraph  222). 
This  velocity  is  reasonably  close  to  the  desired  24 
in/sec  and,  until  more  exact  frictional  data  become 
available,  it  may  be  considered  adequate.  One  step 
of  the  calculations  is  detailed  below: 

x  =  distance  from  in-badery  position, 
from  Table  4,  Paragraph  217. 

x,  =  travel  in  counterrecoil,  12.365  —  x. 

Axr  =  x,„  xrn  _  | . 


at  x  =  9.681  in..  Ax.  =  1.385in.  and  x,  = 
2.684  in. 

From  the  chart  of  Figure  27,  Fac  =  12,3001b. 

From  Table  4,  Paragraph  217,  the  recoil  calculations 
show: 


F„m  =  6600  lb,  F0n_,  =  58001b; 


vn  =  78.48  in/sec,  w„_,  =  54.57  in/sec. 

After  two  trials,  v„  =  25.02  in/sec  is  finally  selected 
and  from  the  fourth  column  of  Table  5,  when 
xrm_l  =  1.299  in.,  vrn_t  =  24.90  in/sec. 


Then : 

,  24.902  +  25.022  \  / 5800  +  6600\  0  . . ., 

f"  =  (54.572  +  78.482/  V - 2 - )=  8451b' 

This  represents  the  throdling  through  the  recoil 
orifice.  Substituting  known  quantities  in  Equation 
(130a): 

0  0898  /b^0  +  626 

Fbc  =  (  2  )  =  n’4201b’ tbe  throt¬ 

tling  through  the  counterrecoil  orifice; 


Fcr  =  12,300  -  845  -  1*1,420  =  35  lb,  the 
coimterrecoil  accelerating  force ; 

_  F  _  35 

a'  ~  ~  \'rvr  ~  2-11  in/sec2,  the  counter- 

A7,  16.56 

recoil  acceleration ; 


Mr 


IT,  6400 
g  “  386.4 


16.56  lb-sec2/in. 


From  Equation  (66): 

2a,  Ax„ 

=  620.0  +  2  X  2.415  X  1.385, 
=  620.0  +  5.8  =  625.8  in2/sec2. 


vr  =  25.02  in/sec. 


This  agrees  with  the  selected  velocity  at  die  be¬ 
ginning  of  the  calculations. 

220.  The  sample  buffer  calculations  illustrate  die 

method  of  constant  deceleration  and  variable  °r'“ 
fice’  From  Equation  (70b): 

ab  =  ^  =  —  101.64in/sec2, 

when:  =  508.2  in2/sec2  (see  counterrecoil  cal¬ 

culations,  Table  5,  Paragraph  222), 

Sb  =  2.5  in,  buffer  stroke. 


From  Equation  (70a) : 

+  ZvbXb, 
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-  203.28  xb. 

From  Equation  (70c) 

F'b  =  A//7*  =  16.56  X  (-)  101.6  =  -1683  1b; 
and  from  Equation  (70) 

Fb  =  Tv  -  Fb  =  F,r  +  1683  lb. 

221.  The  calculations  for  one  increment  of 
buffer  travel  are  shown  at  the  buffer  travel  of  xb  = 
1.0  in.  This  corresponds  to  the  counterrecoiling 
parts  being  at  x  =  1.5  in.  from  the  in-battery 
position : 

yi?b  =  -203.28  X  0.25  =  -50.82  in2/sec2  (Table 
6,  Paragraph  223), 

v\  =  355.74  -  50.82  =  304.92  in2/sec 2, 
vb  =  17.46  in/sec. 

From  recoil  calculations  (Table  4,  Paragraph  217) 
interpolate  between x  =  1.664in.  and  x  =  1.399in. 
to  find  v  for  x  =  1.5  in. 

v  =  132.92  in/sec, 

F0  =  10,000  lb  (Fig.  49). 

From  die  chart  in  Figure  27: 

Fac  =  9250. 

From  Equation  (61c)  when  x  =  1.5, 


r°  U-,  +<)  - 

_ /3S5.74  +  304.92\ 

v  18,1 17  +  17,668/  1U,UUU  “ 
According  to  Paragraphs  219  and  220: 

_  0,0898  R_,  +  <N 

60  a2  V  ~ 


1841b. 


=  0.0898  /  355.74  +  304.92X  _ 


)- 


5589  lb. 


0.0049  V 

From  Equation  (62) : 

Fcr  -  Fac  -  f„  —  Fbc, 

=  9250  -  1 84  -  5589  =  3477. 
and 

Fb  =  Fcr  +  1683  =  3477  +  1683  =  5160  lb. 
From  Equation  (71 ) : 

=  0.033  -%■, 

V2  C2aFb  vft 

Ab  =  2.356  in2,  buffer  piston  area, 

C0  =  0.70  orifice  coefficient:, 

p  =  w/g,  mass  density', 

w  =  0.03 15  lb/in5,  oil  density, 

a,,,,  =  0.033  =  0  0080  in2. 

/l.O 


222.  TABLE  5.  Counterrecoil  Calculations 


A*, 

Fac 

(hr) 

(ia) 

(lb) 

(in/sec) 

(lb) 

0 

O 

0.408 

13,300 

2063 

0.408 

0.891 

12  800 

19.53 

1408 

1.299 

1.385 

12,300 

24.90 

845 

2.684 

0.842 

11.800 

25.02 

591 

3.526 

0.956 

11,400 

24.74 

477 

4.482 

1.067 

11,000 

24.40 

398 

5.549 

1.173 

10,600 

24.02 

340 

6.722 

0.624 

10,300 

23.61 

305 

7.346 

0.647 

10,100 

23.40 

287 

7.993 

0.666 

9900 

23.18 

273 

8.659 

0.679 

9700 

22.96 

264 

9.338 

0.527 

9500 

22.73 

235 

9.865 

22.55 

Fbc 

Fcr 

“r 

2arxxr 

v* 

(lb) 

(lb) 

(in2/sec2) 

(in2/scc2) 

0 

3496 

7740 

467.4 

381.4 

381.4 

9178 

2214 

133.7 

238.2 

619.7 

11,420 

35 

2.11 

5.8 

625.2 

11,347 

-138 

-8.33 

-14.0 

612.0 

1  1,067 

-145 

-8.70 

-16.6 

595.5 

10,745 

-143 

-8.64 

-18.4 

577.2 

10,397 

-137 

-8.09 

-19.4 

557.6 

10,127 

-132 

-7.97 

-  9.9 

547.5 

9944 

-131 

-7.91 

-10.2 

537.5 

9758 

-131 

-7.91 

-10.5 

527.0 

9566 

-130 

-7.85 

-10.7 

516.3 

9392 

-127 

-7.67 

-8.08 

508.2 

75 


223.  TABLE  6.  Buffer  Calculations 


X 

&V* 

vb 

V 

V2 

F 

(in.) 

(in.) 

(in2/sec-) 

(in2/sec2) 

(in/sec) 

(in/sec) 

(in2/sec2) 

(lb) 

2  50 

0 

0 

508.20 

22.55 

136.98 

18764 

9500 

2.25 

0.25 

50.82 

457.38 

21.39 

136.61 

18.662 

9400 

2.00 

0  50 

50.82 

406.56 

20.16 

135.61 

18.390 

9380 

1.75 

0.75 

50.82 

355.74 

18.86 

134.60 

18.217 

9300 

1.50 

1.00 

50.82 

304.92 

17.46 

132.92 

17.668 

9250 

1.125 

1.375 

76.23 

228.69 

15.12 

129.02 

16  646 

9150 

0  75 

1.75 

76.23 

1 52.46 

12.35 

122.08 

14.960 

9050 

0.375 

2.125 

76.23 

76.23 

8.73 

105.15 

11.070 

8950 

0 

2.50 

76.23 

0 

0 

0 

0 

8900 

X 

Fa 

Fbc 

fcr 

F„ 

Fb 

vT'* 

&ob 

(inO 

(lb) 

(lb) 

(lb) 

(lb) 

(lb) 

(in2) 

2.50 

9.600 

9315 

260 

-75 

1,608 

40.1 

0.0185 

2.25 

9  700 

8384 

250 

766 

2,449 

49.5 

0.0143 

2.00 

9,800 

7452 

228 

1700 

3,383 

58.2 

0.0114 

1.75 

9,900 

6521 

206 

2573 

4,256 

65.3 

0.0095 

1.50 

10,000 

5589 

184 

3477 

5,160 

71.8 

0.0080 

1.125 

10,200 

4192 

159 

4799 

6,482 

80.5 

0.0058 

0.75 

10,250 

2795 

124 

6131 

7,814 

88.4 

0.0046 

0.375 

10,400 

1397 

92 

7461 

9,144 

95.6 

0.0030 

0 

10,500 

0 

72 

8828 

10,583 

102.5 

0 
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GLOSSARY 


brake  pull.  The  force  applied  to  the  recoil  brake 
rod  during  recoil. 

breechblock.  The  structure  used  for  closing  the 
rear  end  of  a  gun  tube. 

breech  housing.  The  structure  attached  to  the  rear 
of  the  gun  tube  which  houses  the  breechblock 
and  its  fcomponents. 

buffer.  A  device  used  to  absorb  the  energy  of 
counterrecoil  and  bring  the  recoiling  parts  to  a 
stop  without  shock.  See:  recoiling  parts, 
buffer,  independent.  A  buffer  whose  action  is  not 
controlled  by  the  recoil  brake  or  recuperator, 
control  rod.  A  rod  articulated  by  the  recoiling 
parts,  and  whose  motion  regulates  the  size  of  the 
orifice  of  a  recoil  mechanism, 
counterrecoil.  The  motion  of  the  recoiling  parts  as 
they  return  to  the  in-battery  position  after  recoil¬ 
ing.  See:  recoiling  parts, 
counterrecoil  cylinder.  The  cylinder  that  houses  the 
counterrecoil  mechanism. 

cradle.  That  element  of  a  gun  carriage  or  mount 
that  supports  a  cannon  and  allows  movement  of 
the  recoiling  parts. 

floating  piston.  An  unattached  piston  that  is  used 
to  separate  the  gas  from  the  hydraulic  fluid  in  the 
recuperator  of  a  hydropneumatic  unit, 
gun  carriage.  The  structure  which  transmits  to  the 
ground  the  forces  resulting  from  firing  of  a 
weapon.  In  mobile  weapons  it  also  sen  es  as  part 
of  the  structure  during  transport, 
gun  mount.  The  supporting  structure  of  a  gun. 
gun  tube.  The  gun  barrel,  that  part  of  a  gun  which 
controls  the  initial  direction  of  the  projectile, 
in-battery.  The  position  of  the  recoiling  parts  in 
the  extreme  fonvard  position  in  the  cradle, 
leakage  factor.  The  ratio  of  the  radial  pressure  of 
a  packing  to  the  applied  fuid  pressure, 
liquid  reserve  indicator.  See:  oil  reserve  indicator, 
muzzle  brake.  A  unit  attached  to  a  gun  muzzle,  to 
divert  the  propellant  gas  reanvard,  utilizing  the 
gas  momentum  to  decrease  the  total  recoil  mo¬ 
mentum. 

muzzle  velocity.  The  velocity  of  the  projectile  as  it 
leaves  the  muzzle. 

oil  index.  Same  as  oil  reserve  indicator. 


oil  reserve.  A  quantity  of  oil  available  in  a  recoil 
mechanism  to  replenish  the  supply  of  w  orking  oil 
as  the  latter  becomes  depleted  from  leakage, 
oil  reserv  e  indicator.  A  gage  indicating  the  quantity 
of  reserve  oil  in  a  hydropneumatic  recoil  cylinder. 
Also  called  liquid  reserve  indicator. 
orifice.  An  opening  of  controlled  size  through 
which  fluid  passes  for  the  purpose  of  absorbing 
energy. 

port  A  passage  of  sufficient  size  to  transmit  fluid 
without  appreciable  loss  of  energy, 
pressure  factor.  The  ratio  of  the  radial  pressure  of  a 
packing  to  the  applied  axial  pressure, 
propellant  charge.  The  quantity  of  propellant  used 
in  firing  a  gun. 

propellant  gas  force.  The  force  due  to  the  pro¬ 
pellant  gases  that  drives  the  gun  rearward  in 
recoil. 

recoil.  The  movement  of  the  gun  tube  and  at¬ 
tached  parts  in  direction  opposite  to  the  pro¬ 
jectile  travel. 

recoil  adapter.  A  recoil  mechanism  for  small 
arms. 

recoil  brake.  The  part  of  a  recoil  mechanism  that 
develops  the  resistance  to  recoil, 
recoil,  constant.  A  recoil  mechanism  that  provides 
the  same  recoil-stroke  distance  regardless  of  the 
angle  of  elevation. 

recoil  cylinder.  The  cylinder  that  houses  the  recoil 
brake. 

recoil  energy.  The  energy  of  the  recoiling  parts 
during  recoil. 

recoil  force.  The  total  resistance  to  movement  of 
the  recoiling  parts. 

recoil  mechanism.  The  unit  that  absorbs  the  energy 
of  recoil,  storing  some  for  returning  the  recoiling 
parts  to  battery. 

recoil  mechanism,  dependent.  The  type  of  hydro¬ 
pneumatic  recoil  mechanism  that  has  direct  oil 
flow  between  the  recoil  cylinder  and  the  re¬ 
cuperator.  The  recoil  brake  rod  is  the  only  at¬ 
tachment  to  the  recoiling  parts, 
recoil  mechanism,  Filloux.  A  hydropneumatic,  in¬ 
dependent,  variable  recoil  mechanism  with  a 
floating  piston.  Hydraulic  resistance  is  de- 
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veloped  by  a  control  rod  with  axial  grooves 
over  which  the  recoil  piston  rod  slides, 
recoil  mechanism,  hydropneumatic.  A  type  of  re¬ 
coil  mechanism  that  forces  hydraulic  fluid 
through  an  orifice  to  develop  the  recoil  brake 
force  and  uses  gas  under  pressure  to  store  some 
of  the  recoil  energy  for  counterrecoil, 
recoil  mechanism,  hydrospring.  A  type  of  recoil 
mechanism  which  operates  similarly  to  the 
hydropneumatic  except  that  a  spring  is  used  to 
store  the  energy  for  counterrecoil, 
recoil  mechanism,  independent  The  ty  pe  of  hydro¬ 
pneumatic  recoil  mechanism  that  has  the  recoil 
brake  independent  of  the  recuperator  and 
counterrecoil  cylinder.  Each  has  its  own  rod  at¬ 
tached  to  the  recoiling  parts, 
recoil  mechanism,  Puteaux.  A  hydropneumatic, 
dependent  type  recoil  mechanism  of  constant 
recoil  with  a  floating  piston  in  the  recuperator; 
hydraulic  resistance  is  regulated  by  a  control  rod 
passing  through  an  orifice  and  attached  to  and 
positioned  by  the  floating  piston, 
recoil  mechanism,  Schneider.  A  hydropneumatic, 
independent  type  recoil  mechanism  of  constant 
recoil.  It  has  a  direct  contact  recuperator.  The 
hydraulic  resistance  is  regulated  by  a  control 
rod  passing  through  an  orifice  and  attached  to  the 
recoiling  parts. 

recoil  mechanism,  St.  Chamond.  A  hydropneu¬ 
matic,  dependent  type  recoil  mechanism  of 
variable  recoil  with  floating  piston  recuperator. 
Its  hydraulic  resistance  is  regulated  by  a  throttling 
valve. 

recoil  rod.  The  rod  that  transmits  the  resistance  of 
the  recoil  brake  to  the  recoiling  parts, 
recoil  system.  The  complete  unit  that  involves  the 
recoil  and  counterrecoil  processes, 
recoil  system,  double.  The  system  that  has  two 
complete  recoiling  systems;  the  primary  system 
and  the  secondary  system, 
recoil  system,  primary.  The  system  of  the  double 
recoil  type  which  includes  the  recoil  mechanism 
for  the  gun  tube  and  its  components, 
recoil  system,  secondary.  The  system  of  the 
double  recoil  type  which  permits  the  top  carriage 
to  recoil,  thus  effectively  using  the  mass  of  the 
structure  to  reduce  recoil  forces, 
recoil  system,  single.  The  system  that  has  only  the 
gun  tube  and  its  components  as  recoiling  parts, 
recoil,  variable.  A  recoil  mechanism  having  a 
stroke  that  varies  in  accordance  with  the  angle 


of  der  ation:  at  high  angles  of  elevation,  the  re¬ 
coil  stroke  is  shortened. 

recoiling  parts.  The  components  of  a  gun  and  its 
supporting  structure  that  move  during  recoil, 
recoperator.  The  portion  of  the  recoil  mechanism 
that  stores  some  of  the  energy  of  recoil  for 
counterrecoil. 

recoperator,  direct  contact.  A  recuperator  in 
which  the  gas  acts  directly  against  the  hydraulic 
fluid,  without  separating  piston, 
recuperator,  hydropneumatic.  A  recuperator  that 
contains  a  compressed  gas  for  its  energy  storing 
medium. 

recuperator,  spring.  A  recuperator  that  has  one 
or  more  coil  springs  for  its  energy  storing 
medium. 

regulator.  A  structure  used  in  some  hydropneu¬ 
matic  recoil  systems,  located  in  the  oil  end  of  the 
recuperator,  which  contains  the  means  provided 
to  control  the  hydraulic  pressure  during  recoil 
and  counterrecoil. 

regulator  valve.  A  valve  housed  in  the  liquid  end 
of  the  recuperator  which  regulates  the  flow  of 
liquid  during  the  counterrecoil  stroke,  to  pro¬ 
duce  retardation. 

replenisher.  A  reservoir  for  the  hydraulic  brake 
fluid  that  maintains  nearly  uniform  pressure  on 
the  fluid  and  keeps  the  brake  cylinder  filled  with 
fluid. 

respirator.  A  pneumatic  type  buffer  which  admits 
air  during  recoil  and  releases  the  air  during 
counterrecoil  through  a  small  orifice.  See:  buffer, 
ring  spring.  The  spring  of  a  recoil  adapter  made 
of  a  series  of  inner  and  outer  overlapping  rings, 
the  mating  surfaces  being  conical, 
sleeve  brake.  The  part  of  a  recoil  adapter  consist¬ 
ing  of  a  sleeve  made  of  braided  wire  covering  a 
brake  rod  to  form  the  braking  mechanism, 
throttling  bar.  A  bar  of  varying  cross-sectional 
area,  usually  circular  or  rectangular,  which 
changes  the  orifice  area  of  a  recoil  mechanism, 
throttling  valve.  A  spring  loaded  valve  that  con¬ 
trols  the  hydraulic  pressure  during  recoil,  as  a 
means  of  obtaining  variable  recoil, 
velocity  of  counterrecoil.  The  velocity  of  the  re¬ 
coiling  parts  as  they  move  in  counterrecoil, 
velocity  of  free  recoil.  The  velocity  that  the  recoil¬ 
ing  parts  would  attain  if  no  resistance  were  pro¬ 
vided  during  recoil. 

velocity  of  recoil.  The  velocity  of  the  recoiling 
parts  during  recoil. 
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INDEX 


Adapter,  recoil,  60,  63,  66 

Belleville  spring,  21 
Brake  force,  recoil,  6,  31 
brake  rod  force,  31 
Buffer,  4.  5,  12,  18, 23.  42 
external,  23 
force,  18, 42 
internal,  23 

Calculations.  See  Recoil  calculations 
Coefficientof  discharge.  33 
Compressibility  of  hydraulic  fluid,  34 
Concentric  recoil  mechanism,  42 
Control  rod,  10, 34 
Counterrecoil 
buffer.  See  Buffer 
calculations,  38,  42,  74 
mechanism,  3 
velocity,  18 

Dependent  type  recoil  mechanism,  6 
Dynamic  analysis,  47 

External  buffer,  23 

Figures,  list,  v 

Filloux  recoil  mechanism,  13 

Floating  piston,  6,  11,  24 

Fluid  reserve,  11.  See  also  Indicator,  oil  reserve 

Free  recoil  velocity,  1,  16 

Glossary,  77 

Hydropneumatic  recuperator,  design,  23 
Hydropneumatic  type  recoil  mechanism.  5,  9 
Hydrospring  recoil  adapter.  See  Recoil  adapter, 
hydrospring 

Hydrospring  type  recoil  mechanism.  5,  7 

In-battery  force,  17 
Independent  ty  pe  recoil  mechanism,  6 
Index.  See  Indicator,  oil  reserve 
Indicator,  oil  reserv  e,  11,  13,  24,  67 
Internal  buffer,  23 


Liquid  reserve  indicator,  11,  13,  24,  67 

Maintenance,  28 
Manufacturing.  28 
Materials,  19 

Mechanisms,  recoil.  See  Recoil  mechanisms 
Momentum,  conservation  of,  1 
Muzzle  brake,  66 

Oil  reserve  indicator,  11,  13,24,67 
Orifice 

coefficient,  33 
design,  32,  39,  43,  66,  73 
variable  area  6 

Packing,  design,  20 
Packing,  frictional  resistance,  2l 
Polytropic  exponent,  18,23,  53 
Proof  pressure,  22 
Puteaux  recoil  mechanism,  1 0 

Recoil 

adapter,  60,  63,  66 
adapter,  hv  drospring,  60,  66 
brake,  3,  6 
calculations 
concentric,  42 
double,  46 
single,  29,  68 
cycle,  5 

cylinder  design,  22 
force,  6,  17,  31,  47 
mechanisms 
classification  of,  3 
concentric,  42 
dependent  ty  pe,  6 
Filloux,  13 
hydropneumatic.  5,  9 
hydrospring,  5,  7 
independent  type,  6 
Puteaux,  10 
St.  diamond,  13 
Schneider,  11 
piston  design,  19 
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Baocril  (Continued) 
piston  rod  design,  20 
systems 

double,  5,  13, 46 
primary,  47 
secondary',  47 
throttling  valve,  13, 25, 
velocity,  1,  16 
Recuperator,  3,  23 
References,  79 
Regulator,  10,25 
Regulator  \  alve,  27 
Replenishes  67 
Respirator,  24 
Retarding  force,  total,  33 
Ring  spring,  60 
Rod 

control,  6,  10,  34,  73 
pull,  31 
throttling,  6 


St.  diamond  recoil  mechanism.  13 
Schneider  recoil  mechanism.  1 1 
Selection  of  system.  16 
Shear  stress,  maximum.  22 
Sleeve  brake.  60,  63 
Small  anus  recoil  sy  stem,  60 
Spring 
Belleville,  2 1 
design,  44 

recuperator  ty  pe,  23 
ring,  60 

Symbols,  list,  vii 

Throttling  bar,  6 
Throttling  valve,  13, 25,  35 

Valve,  regulator,  27 
Valve,  throttling,  13,25,35 
Velocity,  counterrecoil,  18 
Velocity,  recoil,  1,  16 
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cepts  and  Analysis  of  Measurement  Data 

111  Experimental  Statistics,  Section  2,  Analysis  of 

Enumerative  and  Classificatory  Data 

112  Experimental  Statistics,  Section  3,  Planning  and 

Analysis  of  Comparative  Experiments 

113  Experimental  Statistics,  Section  4.  Special 

Topics 

114  Experimental  Statistics.  Sections,  Tables 

134  Maintenance  Engineering  Guide  for  Ordnance 

Design 

135  Inventions,  Patents,  and  Related  Matters 

136  Servomechanisms,  Section  1.  Theory 

137  Servomechanisms.  Section  2,  Measurement 

and  Signal  Converters 

138  Servomechanisms,  Section  3,  Amplification 

139  Servomechanisms,  Section  4,  Power  Elements 

and  System  Design 

170(C)  Armor  and  Its  Application  to  Vehicles  (U) 

270  Propellant  Actuated  Devices 

290(C)  Warheads- -General  (U) 

331  Compensating  Elements  (Fire  Control  Series) 

355  The  Automotive  Assembly  (Automotive  Scries) 

Ammunition  and  Explosives  Series 
17  5  Solid  Propellants.  Part  One 
176(C)  Solid  Propellants.  Part  Two  (U) 

177  Properties  of  Explosives  of  Military  Interest, 

Section  1 

178(C)  Properties  of  Explosives  of  Military  Interest. 
Section  2  (U) 

210  Fuzes.  General  and  Mechanical 

211(C)  Fuzes,  Proximity,  Electrical.  Part  One  (U) 

212(S)  Fuzes,  Proximity,  Electrical,  Part  Two  (U) 

213(S)  Fuzes,  Proximity.  Electrical,  Part  Three  (U) 
214  (S)  Fuzes,  Proximity.  Electrical  Part  Four  (U) 

215(C)  Fuzes,  Proximity,  Electrical.  Part  Five  (U) 

244  Section  1,  Artillery  Ammunition--General. 

with  Table  of  Contents,  Glossary  and 
Index  for  Series 

245(C)  Section  2,  Design  for  Terminal  Effects  (U) 

246  Section  3,  Design  for  Control  of  Flight  Char¬ 

acteristics 

247(C)  Section  4,  Design  for  Projection  (U) 

248  Section  5,  Inspection  Aspects  of  Artillery- 

Ammunition  Design 

249(C)  Section  6,  Manufacture  of  Metallic  Components 
of  Artillery  Ammunition  (U) 


Number  Title 

281(S-RD)  Weapon  System  Effectiveness  (U) 
282  Propulsion  and  Propellants 

284(C)  Trajectories  (U) 

286  Structures 

Ballistics  Series 


140 

Trajectories,  Differential  Effects,  and  Data 
for  Projectiles 

160(S) 

Elements  of  Terminal  Ballistics,  Part  One, 
Introduction,  Kill  Mechanisms,  and 
Vulnerability  (U) 

161 (S) 

Elements  of  Terminal  Ballistics,  Part  Two, 
Collection  and  Analysis  of  Data  Concern¬ 
ing  Targets  (U) 

162(S-RD) 

Elements  of  Terminal  Ballistics,  Part  Three, 
Application  to  Missile  and  Space  Targets(U) 

Carriag 

es  and  Mounts  Series 

341 

Cradles 

342 

Recoil  Systems 

343 

Top  Carriages 

344 

Bottom  Carriages 

345 

Equilibrators 

346 

Elevating  Mechanisms 

347 

Traversing  Mechanisms 

Materials  Handbooks 


301 

Aluminum  and  Aluminum  Alloys 

302 

Copper  and  Copper  Alloys 

303 

Magnesium  and  Magnesium,  Alloys 

305 

Titanium  and  Titanium  Alloys 

306 

Adhesives 

307 

Gasket  Materials  (Nonmetallic) 

308 

Glass 

309 

Plastics 

310 

Rubber  and  Rubber-Like  Materials 

311 

Corrosion  and  Corrosion  Protection  of  Metals 

Surface- 

to-Air  Missile  Series 

291 

Part  One.  System  Integration 

292 

Part  Two,  Weapon  Control 

293 

Part  Three,  Computers 

294(S) 

Part  Four,  Missile  Armament  (U) 

295(S) 

Part  Five,  Countermeasures  (U) 

296 

Part  Six,  Structures  and  Power  Sources 

297  (S) 

Part  Seven,  Sample  Problem  (U) 

